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PREFACE 

This report was prepared for the Soil Conservation Service, United 
States Department of Agriculture. The purpose is to provide a guide for 
developing a computer simulation model for drainage - water management 
systems on high water table soils. The model and related methodologies 
presented herein were developed to facilitate the design and analysis for 
these systems. The methods can be used to evaluate the long-term perfor- 
mance of systems for surface and subsurface drainage, subirrigation, con- 
trolled drainage, and waste water application to artificially drained soils. 

The materials presented in this report are based primarily on research 
conducted in the Biological and Agricultural Engineering Department at North 
Carolina State University to develop and test a water management simulation 
model. The methods draw heavily on the drainage and hydrology literature, 
and results of recent and ongoing research from several locations are 
utilized in the material presented. In many cases, approximate methods were 
favored over the so-called exact approach in the model development because 
of large differences in computational and input data requirements. The 
philosophy of the model development was to assemble the linkage between 
various components of the system, allowing the specifics to be incorporated 
as subroutines so that they can readily be modified as better methods are 
developed. 

The report contains a detailed description of each component of the 
model. When possible, alternative methods for treating individual compo- 
nents are presented. Input data requirements are discussed and sources for 
the data identified. Numerous examples are given to demonstrate the appli- 
cation of the model and associated methodologies for design and evaluation 
of water management systems. The report also contains the results of 
sensitivity tests to determine the effect of errors in the input data on 
predicted design parameters. The subjects of subirrigation and seepage 
losses are considered in separate chapters in the report. Results of recent 
research to test the validity of the model were reviewed in detail and are 
presented as an appendix to this report. Model predictions were compared 
with field measurements from past drainage studies conducted in three states 
in addition to the specific work in North Carolina for testing the model. 
In general, predicted results were in good agreement with field observations 
and the mdel is judged to be suitable for application to field scale 
problems. 

The model was developed and tested for use in humid regions. Although 
research to test, and, if necessary, modify the model for irrigated agricul- 
ture in semi-arid climates is currently being conducted, its application 
should be confined to humid regions at the present time. The methods pre- 
sented herein were developed for field-sized units with parallel subsurface 
drains (relief drains). Lateral seepage due to a sloping landscape is not 
considered as an integral part of the model. This limits application of 
DRAINMOD to fields with slopes of less than about 5 percent. Freezing 
conditions are not considered in the model so its application at the present 
time is confined to periods when the soil is not frozen. 



A concentrated effort was made to include all materials needed for 
development and utilization of a computer simulation model for water manage- 
ment systems on high water table soils. Although the resulting report is 
somewhat lengthy, I believe that it can be used to accomplish the stated 
objective. 

~ - 

Professor, North Carolina State University 
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METHODS FOR DESIGN AND EVALUATION OF DRAINAGE-WATER 
MANAGEMENT SYSTEMS FOR SOILS WITH HIGH WATER TABLES 

CHAPTER 1 

INTRODUCTION 

The design of efficient agricultural water management systems is 
becoming more and more critical as competitive uses for our water resources 
increase, and as installation and operational costs climb. In humid regions, 
artificial drainage is necessary to permit farming of some of the nation's 
most productive soils. Drainage is needed to provide trafficable conditions 
for seedbed preparation and planting in the spring and to insure a suitable 
environment for plant growth during the growing season. At the same time, 
excessive drainage is undesirable as it reduces soil water available to 
growing plants and leaches fertilizer nutrients, carrying them to receiving 
streams where they act as pollutants. In some cases, water table control or 
subirrigation can be used to maintain a relatively high water table during 
the growing season thereby supplying irrigation water for crop growth, as 
well as preventing excessive drainage. This type of irrigation hasmany 
advantages over other methods for certain conditions and has been practiced 
in scattered locations for many years (Clinton, 1948, Renfro, 1955). 
However, these lands constitute only a small percentage of the total land 
area suitable for subirrigation. This practice has not been rapidly accept- 

L 
ed because of the lack of established design criteria and information 
characterizing the operation of systems in the field. 

The design and operation of each component of a water management system 
should be dependent on soil properties, topography, climate, crops grown and 
trafficability requirements. Further, the design of one component should 
depend on the other components. For example, a field with good surface 
drainage will require less intensive subsurface drainage than it would if 
surface drainage is poor. This has been clearly demonstrated in both field 
studies of crop response (Schwab, et al, 1974) and by theoretical methods 
(Skaggs, 1974). The relative importance of water management components 
varies with climate, so, in humid regions, a well-designed drainage system 
may be critical in some years yet provide essentially no benefits in others. 
Thus, methods for designing and evaluating multicomponent water management 
systems should be capable of identifying sequences of weather conditions 
that are critical to crop production and of describing the performance of 
the system during those periods. 

The purpose of this report is to describe methods for the design and 
evaluation of water management systems for soils with natural or induced 
high water tables. The basic tool that will be used for design and evalua- 
tion is a computer simulation model called DRAINMOD which was developed at 
North Carolina State University (Skaggs, 197%). The simulation program 
characterizes the response of the soil water regime to various combinations 
of surface and subsurface water management. It can be used to predict the 
response of the water table and the soil water above the water table to 

C rainfall, evapotranspiration (ET), given degrees of surface and subsurface 



drainage, and the use of water table control or subirrigation practices. 
Surface irrigation can also be considered and the model has been used to 
analyze sites for land disposal of waste water. Climatological data are 
used in the model to simulate the day to day performance of a given water 
management system over several years of record. In this way, an optimum 
water management system can be designed on a probabilistic basis as initial- 
ly proposed for subsurface drainage by van Schilfgaarde (1965) and subse- 
quently used by Young and Ligon (1972) and Wiser, et al, (1974). 

The model establishes a link between the water management system and 
the water table and soil water conditions. Results of investigations of the 
effect of soil water stresses (due to both excessively dry and wet conditions) 
on crop yield responses will allow the model to be used to relate the water 
management system design to crop yields. Approximate methods for accomplishing 
this task are now being developed and will be available in the near future. 
More sophisticated methods are on the horizon. Ongoing research toward 
developing crop models will provide much more accurate approximations of 
water management system effects on yields and will increase the value of 
simulation models of the type discussed here. 

This report begins with a description of each of the components now 
used in DRAINMOD. In some cases, a number of methods could be employed to 
quantify a single hydrologic component. Therefore, whenever possible, the 
discussion of each component, such as infiltration or subsurface drainage, 
includes alternative methods that could be used and which may be advanta- 
geous for some applications. Water management model objective functions are 
discussed in Chapter 3 and the procedures for simulating the performance of 
a water management system are discussed in Chapter 4. Input data require- 

J 
ments for DRAINMOD, sources of available data and methods for measuring the 
needed inputs are discussed in Chapter 5. Several examples showing the use 
of the model for design and analysis of water management systems are given 
in Chapter 6. Sensitivity analyses which examine the effect of errors in 
the various input data on the model predictions are given in Chapter 7. 
While the emphasis in this report i.s on the simulation model, design and 
evaluation of subirrigation or water table control systems also requires 
analysis of short-term effects such as the time required to raise the water 
level at the beginning of an irrigation cycle, etc. Methods for making 
these analyses are given in Chapter 8 and the subject of seepage losses 
during subirrigation is treated in Chapter 9. Finally, field tests of the 
validity of the simulation model based on data obtained in North Carolina, 
Ohio, Florida, and California are presented in a separate Appendix. 

The methods presented herein for the design and evaluation of water 
management systems are not exact. Approximations are involved in almost 
every component of the model as more exact treatments were bypassed in favor 
of methods that have feasible computational requirements and for which 
necessary input data can be obtained. Nevertheless, field tests of the 
model have shown it to be reliable for a wide range of soils and climato- 
logical conditions. Although research efforts to improve this and related 
models will continue, the most efficient means of improving the methodology 
lies in its application. Application of DRAINMOD to real world situations 
which are frequently complicated by a lack of input data have already 



resulted in modifications. It is anticipated that modifications will 
'U continue to be made as the model is applied to an ever widening range of 

conditions. 

Limitations of the Model 

The model, as developed and presented herein, can be used to analyze a 
broad range of drainage, subirrigation, and waste water application 
problems. However, DRAINMOD should not be applied to situations which are 
widely different than conditions for which it was developed, without further 
testing. DRAINMOD was developed and tested for use in humid regions. 
Although research to test and, if necessary, modify the model for irrigated 
agriculture in semi-arid climates is ongoing, its application should be 
confined to humid reqions at the the present time. The methods were devel- 
oped for field-sized units with parallel subsurface drains. Lateral seepage 
due to a sloping landscape is not considered in the present methodology. 
This limits application of the model to fields with slopes of less than 
about 5 percent, although the exact slope limitation is dependent on drain 
spacing, hydraulic conductivity, and other factors. Lateral seepage losses 
from a water table control system are considered in Chapter 9. Freezing 
conditions are not considered in the model so its application at the present 
time is confined to periods when the soil is not frozen. 



CHAPTER 2 

THE MODEL 

Background 

A schematic of the type of water management system considered is given 
in Figure 2-1. The soil is nearly flat and has an impermeable layer at a 
relatively shallow depth. Subsurface drainage is provided by drain tubes or 
parallel ditches at a distance d, above the impermeable layer and spaced a 
distance, L, apart. When rainfall occurs, water infiltrates at the surface 
and percolates through the profile raising the water table and increasing 
the subsurface drainage rate. If the rainfall rate is greater than the 
capacity of the soil to infiltrate, water begins to collect on the surface. 
When good surface drainage is provided so that the surface is smooth and on 
grade, and outlets are available, most of the surface water will be 
available for runoff. However, if surface drainage is poor, a certain 
amount of water must be stored in depressions before runoff can begin. 
After rainfall ceases, infiltration continues until the water stored in 
surface depressions is infiltrated into the soil. Thus, poor surface 
drainage effectively lengthens the infiltration event for a given storm 
permitting more water to infiltrate and a larger rise in the water table 
than would occur if depression storage did not exist. 

RAINFALL OR ET 

=DRAINAGE- 

SUBIRRIGATION 

i Figure 2-1. Schematic of water management system with subsurface drains 
that may be used for drainage or subirrigation. 



The rate water is drained from the profile depends on the hydraulic 
conductivity of the soil, the derain depth and spacing, the effective 
profile depth, and the depth of water in the drains. When the water level 
is raised in the drains for purposes of supplying water to the root zone of 
the crop, the drainage rate will be reduced and water may move from the 
drains into the soil profile giving the shape shown by the broken curve in 
Figure 2-1. Studies by Skaggs (1974) showed that a high water table reduces 
the amount of storage available for infiltrating rainfall and may result in 
frequent conditions of excessive soil water if the system is not properly 
designed and managed. Water may also be removed from the profile by 
evapotranspiration (ET) and by deep seepage, both of which must be 
considered in the calculations if the soil water regime is to be modeled 
successfully. 

Model Development 

Two important criteria were adopted in the development of the computer 
model. First, the model must be capable of characterizing all aspects of 
water movement and storage in the profile so as to predict, as accurately as 
possible, the soil water regime and drainage rates with time. And second, 
the model must be developed such that the computer time necessary to 
simulate long-term events is not prohibitive. The movement of water in soil 
is a complex process; it would be an easy matter to become so involved with 
gerting exact solutions to every possible situation that the final answer 

RAINFALL OR IRRIGATION (PI 
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Figure 2-2. Schematic of water management system with drainage to ditches 
or drain tubes. Components considered in the water balance are 
shown on the diagram. 



would never be obtained. The guiding principle in the model development was 
therefore to assemble the linkage between various components of the system, 

L allowing the specifics to be incorporated as subroutines, so that they can 
readily be modified when better methods are developed. 

The basis for the computer model is a water balance for the soil 
profile (Figure 2-21. The rates of infiltration, drainage, and evapotrans- 
piration, and the distribution of soil water in the profile can be computed 
by obtaining numerical solutions to nonlinear differential equations (e.g., 
Freeze, 1971). However, these methods are impractical for our purposes 
because they require prohibitive amounts of computer time for long-term 
simulations. Instead, approximate methods were used to characterize the 
water movement processes. In order to insure that the approximate methods 
provided reliable estimates, they were compared to exact methods for a range 
of soils and boundary conditions. Further, the reliability of the total 
model was tested using field experiments. 

The basic relationship in the model is a water balance for a thin 
section of soil of unit surface area which extends from the impermeable 
layer to the surface and is located midway between adjacent drains. The 
water balance for a time increment of At may be expressed as, 

Where AV is the change in the air volume (an), D is lateral drainage (cm) 
from (or subzrrigation into) the section, ET is evapotranspiration (cm) , DS 
is deep seepage (cm), and F is infiltration (an) entering the section in At. 

L 
The terms on the right-hand side of Equation 2-1 are computed in terms 

of the water table elevation, soil water content, soil properties, site and 
drainage system parameters, crop and stage of growth, and atmospheric 
conditions. The amount of runoff and storage on the surface is computed 
from a water balance at the soil surface for each time increment which may 
be written as, 

Where P is the precipitat5-n (cm), F is infiltration (an), AS is the change 
in volume of water stored r surface (cm), and RO is runoff (cm) during 
time At. The basic t r  3nt used in Equations 2-1 and 2-2 is 1 hour. 
However, when rainfal, - occur and drainage and ET rates are slow 
such that the water table position moves slowly with time, Equation 2-1 is 
based on At of 1 day. When drainage is rapid but no rainfall occurs, At = 2 
hours is used. Conversely, time increments of 0.05 hours or less are used 
to compute F when rainfall rates exceed the infiltration capacity. A 
general Flow Chart for DRAINMOD is given in Figure 2-3. Methods used to 
evaluate the terms in Equations 2-1 and 2-2 and other model components are 
discussed in the following sections. 
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Model Components 
L 

Precipitation 

Precipitation records are one of the major inputs of DRAINMOD. The 
accuracy of the model prediction for infiltration, runoff, and surface 
storage is dependent on the complete description of rainfall. Therefore, a 
short time increment for rainfall input data will allow better estimates for 
these model components than with less frequent data. A basic time increment 
of one hour was selected for use in the model because of the availability of 
hourly rainfall data. While data for shorter time increments are available 
for a few locations, hourly rainfall data are readily available for many 
locations in the United States. 

Hourly rainfall records are stored in the computer based HISARS (Wiser, 
1972, 1975) for several locations in North Carolina and these records are 
automatically accessed as inputs to the model. A data set for selected 
locations (at least 2 per state where possible) in the eastern USA is now 
being developed at North Carolina State University. These hourly rainfall 
and daily maximum and minimum temperature data will be available to the SCS 
and to other public and private agencies and will permit the use of DRAINMOD 
for a wide variety of climatic and geographic conditions. Hourly data for 
other locations in the USA can be obtained from the National Weather Service 
at Asheville, North Carolina. 

Infiltration 

L Infiltration of water at the soil surface is a complex process which 
has been studied intensively during the past two decades. A recent review 
of infiltration and methods for quantifying infiltration rates was presented 
by Skaggs, et al, (1979), Philip (1969), Hilel (1971), Morel-Seytoux (19731, 
and Hadas, et al, (1973) have also presented reviews of the infiltration 
processes. Infiltration is affected by soil factors such as hydraulic 
conductivity, initial water content, surface compaction, depth of profile, 
and water table depth; plant factors such as extent of cover and depth of 
root zone; and climatic factors such as intensity, duration, and time 
distribution of rainfall, temperature, and whether or not the soil is 
frozen. 

Methods for characterizing the infiltration process have concentrated 
on the effects of soil factors and generally assume the soil system to be a 
fixed or undeformable matrix with well-defined hydraulic conductivity and 
soil water characteristic functions. Under these assumptions and the 
additional assumption that there is negligible resistance to the movement of 
displaced air, the Richards equation may be taken as the governing 
relationship for the process. For vertical water movement, the Richards 
equation may be written as, 

i Where h is the soil water pressure head, z is the distance below the soil 
surface, t is time, K(h) is the hydraulic conductivity function, and C(h) is 
the water capacity function which is obtained from the soil water character- 
istic. The effects of rainfall rate and time distribution, initial soil 



water conditions, and water table depth are incorporated as boundary and 
initial conditions in the solution of Equation 2-3. 

Although the Richards equation provides a rather comprehensive method 
of determining the effects of many interactive factors on infiltration; 
input and computational requirements prohibits its use in DRAINMOD. The 
hydraulic conductivity function required in the Richards equation is 
difficult to measure and is available in the literature for only a few 
soils. Furthermore, Equation 2-3 is nonlinear and for the general case, 
must be solved by numerical methods requiring time increments in the order 
of a few seconds. The computer time required by such solutions would 
clearly be prohibitive for long-ten simulations covering several years of 
record. Nevertheless, these solutions can be used to evaluate approximate 
methods and, in some cases, to determine parameter values required in these 
methods. 

Approximate equations for predicting infiltration rates have been - proposed by Green and Ampt (1911), Horton (1939), Philip (19571, and Holton, 

et al, (1967), among others. Of these, the Green-Ampt equatlon appears to 
be the most flexible and is used to characterize the infiltration component 
in DRAINMOD. The Green-Ampt equation was originally derived for deep 
homogeneous profiles with a uniform initial water content. Water is assumed 
to enter the soil as slug flow resulting in a sharply defined wetting front 
which separates a zone that has been wetted from a totally uninfiltrated 
zone (Figure 2-4). Direct application of Darcy's law yields, 

Where f is the infiltration rate which is equal to the downward flux 
(cm/hr), L is the length of the wetted zone, K is the hydraulic 

S conductivify of the wetted or transmission zone, H is the hydraulic head at 
the soil surface and H is the hydraulic head at tie wetting front. Taking 

2 the soil surface as the datum, H = H the ponded water depth and H = hf - 
1 of L where hf is the soil water pressure head at the wetting front. ~gen, f 

Equation 2-4 may be written as, 

Figure 2-4. Definition sketch for derivation of the Green-Ampt equation. 



Note that h is a negative quantity. Substituting a positive quantity. S 
f 

the effective suction at the wetting front for h i.e. h = -S gives, av' f' f av 

At any time the cumulative infiltration, F, may be expressed as, 
F = (e - €Ii) Lf,=,M,L5, where e is the volumetric water content in the wet 
zone, 8 .  is the lnltla water coEtent and M is the initial soil water 

1 
deficit (or fillable porosity). Assuming H is negligible compared to Sa ,+  

0 
Lf, and substituting L = F/M into Equation 2-6 gives the Green-Ampt equayron: f . 
Although the original derivation by Green and Ampt assumed total saturation 
behind the wetting front, this requirement was in effect relaxed by Philip 
(1954). He assumed the water content 8 was constant, but not necessarily 

s' equal to the total porosity. Likewise, K is expected to be less than the 
S saturated hydraulic conductivity. For a given soil with a given initial 

water content, Equation 2-7 may be written as, 

Where A and B are parameters that depend on the soil properties, initial 
Tater content and distribution, and surface conditions such as cover, 
crusting, etc. Note that the derivation of Equation 2-7 assumes a ponded 
surface so that infiltration rate is equal to infiltration capacity at all 
times. .This is not the case for rainfall infiltration where there may be 
long periods of infiltration at less than the maximum rate. In this case, 
the infiltration rate is assumed equal to the rainfall rate until it exceeds 
the capacity as predicted by Equation 2-7. 

In addition to uniform profiles for which it was originally derived, 
the Green-mpt equation has been used with good results for profiles that 
become denser with depth (Childs and Bybordi, 1969) and for soils with 
partially sealed surfaces (Hillel and Gardner, 1970). Bouwer (1969) showed 
that it may also be used for nonuniform initial water contents. 

Mein and Larson (1973) used the Green-Ampt equation to predict 
infiltration from steady rainfall. Their results were in good agreement 
with rates obtained from solutions to the Richards equation for a wide 
variety of soil types and application rates. Mein and Larson's results 
imply that, for uniform deep soils with constant initial water contents, the 
infiltration rate may be expressed in terms of cumulative infiltration, F, 
alone, regardless of the application rate. This was first recognized by 
Smith (1972) and is implicitly assumed in the use of the Green-Arpt equation 
to predict rainfall infiltration. Reeves and Miller (1975) extended this 
assumption to the case of erratic rainfall where the unsteady application 

L rate dropped below infiltration capacity for a period of time followed by a 
high intensity application. Their investigations showed that the infiltra- 



tion capacity could be approximated as a simple function of F regardless of 
the application rate versus time history. These results are extremely 
important for modeling efforts of the type discussed herein. If the infil- 
tration relationship is independent of application rate, the only input 
parameters required are those pertaining to the necessary range of initial 
conditions. On the other hand, a set of parameters covering the possible 
range in application rates would be required for each initial condition if 
the infiltration relationship depends on application rate. 

A frequent initial condition for shallow water table soils is an 
unsaturated profile in equilibrium with the water table. Solutions for the 
infiltration rate - time relationship for a profile initially in equilibrium 
with a water table 100 cm deep are given in Figure 2-5 for a sandy loam 
soil. The solutions were obtained by solving the Richards equation for 
rainfall rates varying from 2 to 10 m/hr and for a shallow ponded surface. 
Note that infiltration rate is dependent on both time and the application 
rate (Figure 2-5 ) .  However, w en infiltration rate is plotted versus + cumulative infiltration, F = I f dt, the relationship is nearly independent 

0 of the application rate (Figure 2-6). This is consistent with Mein and 
Larson's (1973) results discussed above for deep soils with uniform initial 
water contents. 

It should be noted that resistance to air movement was neglected in 
predicting the infiltration relationships given in Figures 2-5 and 2-6. 
Such effects can be quite significant for shallow water tables where air may 
be entrapped between the water table and the advancing wetting front 
(McWhorter, 1971, 1976). Morel-Seytoux and Khanji (1974) showed that the 
Green-Ampt equation retained its original form when the effects of air 
movement were considered for deep soils with uniform initial water contents. 
The equation parameters were simply modified to include the effects of air 
movement. 

Infiltration relationships for a range of water table depths are 
plotted in Figure 2-7 for the sandy loam considered above. Although these 
curves were determined from solutions to the Richards equation, similar 
relationships could have been measured experimentally. The parameters A and 
B in Equation 2-8 may be determined by using regression methods to fit the 
equation to observed infiltration data. The resultant parameter values will 
reflect the effects of air movement, as well as other factors which would 
have otherwise been neglected. Infiltration predictions based on such 
measurements will usually be more reliable than if the predictions are 
obtained from basic soil property measurements. Methods for determining 
parameters A and B from infiltration measurements and from basic soil 
properties are discussed in detail in Chapter 5. 

The model requires inputs for infiltration in the form of a table of A 
and B versus water table depth. When rainfall occurs, A and B values are 
interpolated from the table for the appropriate water table depth at the 
beginning of the rainfall event. An iteration procedure is used with 
Equation 2-8 to determine the cumulative infiltration at the end of hourly 
time intervals. 
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Figure 2-5. Infiltration rate versus time for a sandy loam soil initially 
drained to equilibrium to a water table 1.0 m deep. Note that - 
the infiltration-time relationships are dependent on the 
rainfall rate. 
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Figure 2-6. Infiltration rate - cumulative infiltration relationships as 
affected by rainfall rate for the same conditions as Figure 2-5. 
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Figure 2-7. Infiltration relationships for the sandy loam soil of Figure 

2-5 initially drained to equilibrium at various water table 
depths. 

When the rainfall rate exceeds the infiltration capacity as given by 
Equation 2-8, Equation 2-2 is applied to conduct a water balance at the 
surface for At increments of 3 minutes (0.05 hour). Rainfall in excess of 
infiltration is accumulated as surface.storage. When the surface storage 
depth exceeds the maximum storage depth for a given field, the additional 
excess is allotted to surface runoff. These values are accumulated so that, 
at the end of the hour, infiltration and runoff, as well as the present 
depth of surface storage are predicted. Hourly rainfall data are used in 
the program so the same procedure is repeated for the next hour using the 
recorded rainfall for that period. Infiltration is accumulated from hour to 
hour and used in Equation 2-8 until rainfall terminates and all water stored 
on the surface has infiltrated. Likewise, the same A and B values are used 
for as long as the rainfall event continues. An exception is when the water 
table rises to the surface, at which point A is set to A = 0 and B is set 
equal to the sum of the drainage, ET, and deep seepage rates. An 
infiltration event is assumed to terminate and new A and B values obtained 
for succeeding events when no rainfall or surface water has been available 
for infiltration for a period of at least 2 hours. This time increment was 
selected arbitrarily and can be easily changed in the program. 

Although it is assumed in the present version of the model that the A 
and B matrix is constant, it is possible to allow it to vary with time or to 
be dependent on events that affect surface cover, compaction, etc. 



Surface Drainage 

'L 
Surface drainage is characterized by the average depth of depression 

storage that must be satisfied before runoff can begin. In most cases, it 
is assumed that depression storage is evenly distributed over the field. 
Depression storage may be further broken down into a micro component 
representing storage in small depressions due to surface structure and 
cover, and a macro component, which is due to larger surface depressions and 
which may be altered by land forming, grading, etc. A field study conducted 
by Gayle and Skaggs (1978) showed that the micro-storage component varies 
from about 0.1 cm for soil surfaces that have been smoothed by weathering 
(impacting rainfall and wind) to several centimeters for rough plowed land. 
Macro-storage values for eastern North Carolina fields varied from nearly 0 
for fields that have been land formed and smoothed or that are naturally on 
grade to > 3  cm for fields with numerous pot holes and depressions or which 
have inadequate surface outlets. Surface storage could be considered as a 
time dependent function or to be dependent on other events such as rainfall 
and the time sequence of tillage operations. Therefore, the variation in 
the micro-storage component during the year can be simulated. However, it 
is assumed to be constant in the present version of the model. 

A second storage component that must be considered is the "film" or 
depth of surface water that is accumulated, in addition to the depression 
storage, before runoff from the surface begins and which remains during the 
runoff process. This volume is referred to as surface detention storage and 
depends on the rate of runoff, slope, and hydraulic roughness of the 
surface. It is neglected in the present version of the model which assumes L that runoff moves immediately from the surface to the outlet. Actually, 
water that eventually runs off from one section of the field is temporarily 
stored as surface detention and may be infiltrated or stored at a location 
downslope as it moves from the field. However, the flow paths are 
relatively short and this volume is assumed to be small for the field size 
units normally considered in this model. 

Subsurface Drainage 

The rate of subsurface water movement into drain tubes or ditches 
depends on the hydraulic conductivity of the soil, drain spacing and depth, 
profile depth, and water table elevation. Water moves toward drains in 
both the saturated and unsaturated zones and can best be quantified by 
solving the Richards equation for two-dimensional flow. Solutions have been 
obtained for drainage ditches (Skaggs and Tang, 1976), drainage in layered 
soils (Tang and Skaggs, 1978), and for drain tubes of various sizes (Skaggs 
and Tang, 1978). Input and computational requirements prohibit the use of 
these numerical methods in DRAINMOD, as was the case for infiltration 
discussed previously. However, numerical solutions provide a very useful 
means of evaluating approximate methods of computing drainage flux. 

The method used in DRAINMOD to calculate drainage rates is based on the 
assumption that lateral water movement occurs mainly in the saturated 
region. The effective horizontal saturated hydraulic conductivity is used 
and the flux is evaluated in terms of the water table elevation midway 
between the drains and the water level or hydraulic head in the drains. 
Several methods are available for estimating the drain flux, including the 
use of numerical solutions to the Boussinesq equation. However, 
Hooghoudt's steady state equation, as used by Bouwer and van Schilfgaarde 
(1963), was selected for use in DRAINMOD. Because this equation is used for 
both drainage and subirrigation flux, a brief derivation is given below. 



Consider steady drainage due to constant rainfall at rate, R, as shown 
schematically in Figure 2-8. Making the Dupuit-Forchheimer (D-F) 
assumptions and considering flow in the saturated zone only, the flux per 
unit width can be expressed as: 

Figure 2-8. Schematic of water table drawdown to and subirrigation from 
parallel drain tubes. 

Where K is the horizontal or lateral saturated hydraulic conductivity 
and h is the height of the water table above the restrictive layer. From 
conservation of mass we know that the flux at any point x is equal to the 
total rainfall between x and the midpoint, x = L/2. 

Where the negative sign on the right-hand side of Equation 2-10 is due 
to the fact that flow to the drain at x = 0 is in the -x direction. 
Separating variables and integrating Equation 2-10 subject to the boundary 
conditions h = d at x = 0 and h = d t m at x = L/2 yields an expression for 
R in terms of the water table elevation at the midpoint as, 

Although drainage is not a steady state process in most cases, a good 
approximation of the drainage flux can be obtained from Equation 2-11. That 
is, the flux resulting from a midpoint water table elevation of m may be 



L 
approximated as equal to the steady rainfall rate which would cause the same 
equilibrium m value. Then, the equation for drainage flux may be written 
as, 

Where q is the flux in cm/hr, m is the midpoint water table height 
above the drain, K is the effective lateral hydraulic conductivity and L is 
the distance between drains. Bouwer and van Schilfgaarde (1963) considered 
C to be equal to the ratio of the average flux between the drains to the 
flux midway between the drains. While it is possible to vary C depending on 
the water table elevation, it is assumed to be unity in the present version 
of the model. By solving Equation 2-12 for L with C = 1, we obtain the 
ellipse equation, which is often used to determine drain spacings. The 
ellipse equation is discussed in detail in the SCS-NEH (Section 16, Equation 
4-8, and pages 4-57 to 4-69). 

The equivalent depth, d , was substituted for d in Equation 2-11 in 
e order to correct for convergence near the drains. The D-F assumptions used 

in deriving Equation 2-12 imply that equipotential lines are vertical and 
streamlines horizontal within the saturated zone. Numerical solutions for 
the hydraulic head (potential) distribution and water table position are 
plotted in Figure 2-9 for four different drains: a conventional li4 mm O.D. 
drain tube, a 114 mm tube with open side walls, an open ditch, and a drain 

j_/ tube surrounded by a square envelope, 0.5 m x 0.5 m in cross-section. The 
solutions were obtained by solving the two-dimensional Richards equation 
which requires no simplifying assumptions. These solutions show that, 
except for the region close to the drain, the equipotential lines in the 
saturated zone are nearly vertical. Thus, the D-F assumptions would appear 
reasonable for this case, providing convergence near the drain can be 
accounted for. 

Hooghoudt (van Schilfgaarde, 1974) characterized flow to cylindrical 
drains by considering radial flow in the region near the drains and applying 
the D-F assumptions to the region away from the drains. The Hooghoudt 
analysis has been widely used to determine an equivalent depth, d which, 

e' when substituted for d in Figure 2-8 will tend to correct drainage fluxes 
predicted by Equation 2-12 for convergence near the drain. Moody (1967) 
examined Hooghoudt's solutions and presented the following equations from 
which d can be obtained. 

e 

For 0 < d/L < 0.3 

In which 



OPEN 114mrn T U B E ,  1, = 5 7  m m  - O P E N  DITCH 
L 1 

I 
H *  1 9 m  1 

Z m 

1 H = I B r n  

CONVENTIONAL 114 m m O . 0  CORRUGATED DRAIN T TUBE I N  SQUARE ENVELOPE - O.5m 1 0 . 5 m  
1 

I 
I . I . 

Zrn 

1.8 H r l 8 m  1.7 

Figure2-9. Water t a b l e  p o s i t i o n  and hyd rau l i c  head, H, d i s t r i b u t i o n  i n  a Panoche s o i l  a f t e r  
20 hours o f  drainage t o  (a) convent ional  114 mm (4- inch)  d r a i n  tubes; (b) wide 
open (no w a l l s )  114 mm diameter d r a i n  tubes; ( c )  a d r a i n  tube i n  a square envelope 
0.5 m x 0.5 m; and (d)  an open d i t c h  0.5 m wide. The d r a i n  spacings i n  a l l  cases 
were 20 m. ( A f t e r  Skaggs and Tang, 1978). 



m d  for d / ~  > 0.3 

In which r = drain tube radius. Usually a can be approximated as u = 
3.4 with negligible error for design purposes. 

For real, rather than completely open drain tubes, there is an 
additional loss of hydraulic head due to convergence as water approaches the 
finite number of openings in the tube. The effect of various opening sizes 
and configurations can be approximated by defining an effective drain tube 
radius, r such that a completely open drain tube with radius r will offer 

e' 
the same resistance to inflow as a real tube with radius r. ~ent?is and 
Trafford (1975) used Kirkham's (1949) equation for drainage from a ponded 
surface and measured drain discharge rates in a laboratory soil tank to 
define effective drain tube radii. Bravo and Schwab (1977) used an electric 
analog model to determine the effect of openings on radial flow to 
corrugated drain tubes. There data were used by the author (Skaggs, 1978b) 
to determine r = 0.51 cm for 11.4 cm (4.5-in.) O.D. tubing. Standard 4-in. 

e 
(100-cm) corrugated tubing has an outside diameter of approximately 4.5 in. 
The same methods are used to determine r and then d which is an input to 

e e the model. More discussion of entrance resistance into drain is given in 
the FA0 Irrigation and Drainage Paper No. 9 (FAO, 1972). 

L 
The above discussion treats the soil as a homogeneous media with 

saturated conductivity K. Most soils are actually layered with each layer 
having a different K value. Since subsurface water movement to drain is 
primarily in the lateral direction, the effective hydraulic conductivity in 
the lateral direction is used in Equation 2-12. Referring to Figure 2-10, 
the equivalent conductivity is calculated using the equation, 

Because the thickness of the saturated zone in the upper layer is 
dependent on the water table position, K is determined prior to every flux 
calculation using the value of d which gepends on the water table position. 

1 If the water table is below layer 1, d = 0 and a similarly defined d is 
substituted for D in Equation 2-16. 1 2 

2 
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Figure 2-10. Equivalent lateral hydraulic conductivity is determined for 
soil profiles with up to 5 layers. 



The use of the approach discussed above, employing Equations 2-12 
through 2-16, will give satisfactory results as long as there are not major 
differences in the conductivities of the individual layers. When major 
differences occur, the thicknesses and conductivities of the layers should 
be considered in defining the equivalent depth, d . Van Beers (1976) 
summarized methods for predicting drain flux whicg consider convergence tc 
the drains and layered profiles. These steady state methods included that 
developed by Ernst, which divides the loss in hydraulic head (m in Figure 
2-61 into three components: m = h + h + h where h = head loss due to 

h. vertical flow, h = head loss due xo hor=zon$al flow xnd h = head loss due h 
to radial flow near the drain. This approach was combinedrwith that of 
Hooghoudt to give the Hooghoudt-Ernst equation, which does not require a 
separate calculation for d . However, it is necessary to determine a 

e 
geometric factor from a nomograph for some layered systems. The modified 
Hooghoudt-Ernest equation is also discussed by van Beers (1976) and could be 
easily employed in DRAINMOD. 

The discussed methods above for predicting drainage flux assumed a 
curved (elliptical) water table completely below the soil surface, except at 
the midpoint where it may be coincident with the surface. However, in some 
cases, the water table may rise to completely inundate the surface with 
ponded water remaining there for relatively long periods of time. Then, the 
D-F assumptions will not hold as the streamlines will be concentrated near 
the drains with most of the water entering the soil surface in that 
vicinity. Kirkham (1957) showed that in one case, more than 95 percent of 
the flow entered the surface in a region bounded by f one-quarter of the 
drain spacing. The shape of the streamlines for drainage from a ponded 
surface as compared to that for water table drawdown is shown in Figure 
2-11. Drainage flux for a ponded surface can be quantified using an 
equation derived by Kirkham (1957): 

Where 

m 
tan(n (2d-r)/4h) cosh (nm L/2h) + cos (nr/2h) g = 2 1 n  [ 
tan nr/4h 

+ 
mE1 ln [cosh (nm L/2h) - cos (nr/2h) 

Where h is the depth of the profile (Figure 2-12) - actual depth not 
equivalent depth. 

Equation 2-17 can be used after the water table rises to the surface 
for as long as surface water can move freely toward the drains. Recall that 
water is stored on the surface in depressions, so movement overland toward 
the drains may be restricted by surface roughness as shown schematically in 
Figure 2-12. When rows are oriented perpendicular to the drain tube 
direction, water may move along the furrows to the region above the drains, 
but still remain in lower depressional areas (with a maximum depth of S, as 
shown in Figure 2-12). When the ponded depth becomes less than S water 

1' can no logner move freely over the surface, the depth of water ponded over 



(a) DRAINAGE FROM A PONDED SURFACE 

(b l  DRAINAGE DURING WATER TABLE DRAWDOWN 
Figure 2-11. Equipotential H and streamlines Y for drainage from ponded 

surface and for drainage during water-table drawdown. 

Figure 2-12. Schematic of drainage from a ponded surface. Water will move 

i over the surface to the vicinity of the drains until the 
ponded depth becomes less than S The maximum depressional 
storage is S.  

1 - 



the drains will decrease more rapidlv than that near the midpoint and 
Equation 2-12 will provide a better estimate for drainage fl;x than will 
2-17. .. 

L Use of equations 2-12 and 2-17 assume that drainage is limited by the 
rate of soil water movement to the lateral drains and not by the hydraulic 
capacity of the drain tubes or of the outlet. Usually, the sizes of the 
drain tubes are chosen to provide a design flow capacity, which is called 
the drainage coefficient, D.C. Typically, the D.C. may be 1 to 2 cm per day 
(about 3/8 to 3/4 inches per day) depending on the geographic location and 
crops to be grown. The D.C. for a given slope and size of drain (either 
lateral or main) can be obtained from the N.E.H. Section 16, Figures 4-36, 
or by direct use of the Manning equation. When the flux given by equations 
2-12 or 2-17 exceeds the D.C., q is set equal to the D.C. in DRAINMOD as 
suggested by Chieng, et al, (1978). The water level in the main outlet 
(canal or river) may also limit the drainage flux in certain cases. 
However, the outlet water level is affected by surface and subsurface 
drainage from a much larger area than the field size areas analyzed in 
DRAINMOD. Such outlet limitations would depend on both the site and storm 
event and are not treated in the present version of DRAINMOD. That is, the 
outlet capacity is assumed to be adequate to carry the drainage and runoff 
from the fields. 

In summary, the drainage flux should be calculated using a three-step 
approach as follows: 

1. For water tables below the surface and for ponded depths < S use 
1' 

d 
Equation 2-12. 

2. For ponded depths > S use Equation 2-17. 
1' 

3. When the flux predicted by the appropriate equation, either 2-12 
or 2-17, is greater than the D.C., set the flux equal to the D.C. 

Subirrigation 

When subirrigation is used, water is raised in the drainage outlet so 
as to maintain a pressure head at the drain of h (refer to the broken curve 

0 
in Figure 2-8). If the boundary condition h = h at x = o is used in 
solving Equation 2-10, the equation correspondin; to Equation 2-12 for flux 
is, 

Where m is always defined as water table elevation midway between the 
drains minus the water table elevation at the drain, (h - h ) ,  in this case 

m. (Figure 2-8). To correct for convergence, h = y + d is tBe equivalent 
o e 

water table elevation at the drain and h is the gquivalent water table m 
elevation midway between the drains. For subirrigation, h > h and both m 

0 m 



L and q are negative. Convergence losses, at the drain, are treated in the 
same manner as in drainage by using the equivalent depth to the impermeable 
layer, d rather than the actual depth, d, to define h in equation 2-19. 

e' o 
Equation 2-19 was derived by making the D-F assumptions and solving the 
resulting flow equation for steady evaporation from the field surface at 
rate q. The magnitude of q increases as m becomes more negative, i.e., as 
h becomes smaller, until the water table at the midpoint reaches the 
e$uivalent depth of the impermeable layer, h = 0. For deeper midpoint 
water table depths, which can occur because h e  actual depth to the 
impermeable layer is deeper than the equivalent depth, equation 2-19 
predicts a decrease in the magnitude of q. Ernst (1975) observed that this 
is inconsistent with the physics of flow since the maximum subirrigation 
rate should occur when the midpoint water table reaches the impermeable 
layer. He derived an equation similar to Equation 2-19 to correct these 
deficienceis. The equation may be written in the present notation as, 

where D = y + d, d is the distance from the drain to the impermeable 
layer, and h0 is ?he same as defined previously, h = y + de. Equation 

0 0 
2-20 is now used in DRAINMOD to predict subirrigatlon fyux. 

L When controlled drainage is used, a weir is set at a given elevation in 
the drainage outlet. The actual water level in the drain is not fixed as it 
is with subirrigation, but depends on size of the outlet, previous drainage, 
etc. If the water table elevation in the field is higher than the water 
level in the drain, drainage will occur and the water level in the drain 
will increase. If it rises to the weir level, additional drainage water 
will spill over the weir and leave the system. When the water table in the 
field is lower than that in the drain, water will move into the field at a 
rate given by Equation 2-10 raising the water table in the field or 
supplying ET demands while reducing the water level in the drain. The 
amount of water stored in the drainage outlet and the water level in the 
outlet during subirrigation or controlled drainage is computed at each time 
increment by a DRAINMOD subroutine called YDITCH. This subroutine uses the 
geometry of the outlet, weir setting and drainage or subirrigation flux to 
determine the water level in the outlet at all times. 

Evapotranspiration 

The determination of evapotranspiration (ET) is a two-step process in 
the model. First, the daily potential evapotranspiration (PET) is 
calculated in terms of atmospheric data and is distributed on an hourly 
basis. The PET represents the maximum amount of water that will leave the 
soil system by evapotranspiration when there is a sufficient supply of soil 
water. The present version of the model distributes the PET at a uniform 
rate for the 12 hours between 6:00 a.m. and 6:00 p.m. In case of rainfall, 
hourly PET is set equal to zero for any hour in which rainfall occurs. 
After PET is calculated, checks are made to determine if ET is limited by 



soil water conditions. If soil water conditions are not limiting, ET is set & 
equal to PET. When PET is higher than the amount of water that can be 
supplied from the soil system, ET is set equal to the smaller amount. 
Methods used for determining PET and the rate that water can be supplied 
from the soil water system are discussed below. 

Potential ET depends on climatological factors which include net 
radiation, temperature, humidity, and wind velocity. Evapotranspiration can 
be directly measured with lysimeters or from water balance-soil water 
depletion methods. However, such measurements are rarely availabe for a 
given time and location and most PET values are obtained from climatological 
data using one of the many prediction methods. Jensen (1973) presented a 
thorough review of the consumptive use of water. He included detailed 
discussion and summary of the theory of evaporation and evapotranspiration 
(ET); engineering requirements for ET data; sources of ET data; evaluation 
of methods for estimating ET and utilization of ET data. Methods for 
predicting PET in humid regions were reviewed by McGuinness and Borden 
(1972) and Mohanunad (1978). A summary of some of the methods, including 
required climatological input data is given in Table 2-1. Perhaps the most 
reliable method is the one developed by Penman (1948, 1956) which is based 
on an energy balance at the surface. The method requires net radiation, 
relative humidity, temperature, and wind speed, as input data. Additional 
methods that could be used include, among others, those by Jensen, et al, 
(19631, Stephens and Stewart (1963). Turc (19611, and van Bavel (1961). 
However, all of these equations require dairly solar or net radiation as 
input data and such data are available for only very few locations. Because 
we are interested in conducting simulations in many locations throughout the 
United States, it is necessary to estimate ET based on readily available 
input data. 

The method selected for use in the model was the empirical method 
developed by Thornthwaite (1948). He expressed the monthly PET as, 

Where e. is the PET for month j and 7.  is the monthly mean temperature 
("C), c and a are constants which depend oa location and temperatures. The 
coefficients a and c are calculated from the annual heat index, I, which is 
the sum of the monthly heat indexes, i., given by the eqation, 

3 

The heat index is computed from temperature records and the monthly PET 
calculated from Equation 2-21. Then, the monthly PET value is corrected for 
number of days in the month and the number of hours between sunrise and 



Table 2-1. S u m r y  o f  PET p r e d i c t i o n  methods f o r  humid regions (from Mohamnad, 1978). 

PET = P o t e n t i a l  evapot ransp i ra t ion  
TC = Mean a i r  temperature i n  OC 
TA = Mean a i r  temperature i n  OF 
RH = R e l a t i v e  humidi ty  
RI = So lar  r a d i a t i o n  i n  lang leys  
H = Net r a d i a t i o n  i n  langleys 
U = Wind speed a t  a he igh t  o f  2 meters 

= Saturated vapor pressure o f  t h e  a i r  i n  mn 
es mercury 

ed = Actual  vapor pressure o f  t he  a i r  i n  mm 
mercury 

DL = Day l e n g t h  i n  hours 
L = La ten t  heat o f  vapo r i za t i on  o f  water 

RT = So la r  r a d i a t i o n  a t  t he  top  o f  t he  atmosphere 
i n  inches o f  evaporat ion equ iva len t  

S = Poss ib le  hours o f  sunshine i n  u n i t s  o f  
12 hours 

PT = Saturated vapor d e n s i t y  
PD = Vapor pressure d e f i c i t  i n  mn 
K = Constant (C.537) 

'crc = P l a n t  cover c o e f f i c i e n t  ( f o r  meadow i s  1.0) 

F = Constant ( f o r  a l f a l f a  i s  1.09) 
KC = Crop growth stage c o e f f i c i e n t  
C = Constant (0.55) 
CE = C o e f f i c i e n t  f o r  the e l e v a t i o n  o f  t he  s i t e  

Cb, = Monthly vege ta t i ve  c o e f f i c i e n t  
-5 2 2 a = 6.75 x I O - ~ I ~  - 7.71 x 10 I + 1.792 x 10 I + 0.4924 

A = Slope o f  saturated vapor pressure curve. 



sunset in the day by adjusting for the month and latitude. Daily values may 
be obtained from the monthly PET by using the daily mean temperature 
according to the methods given by Thornthwaite and Mather (1957). 

The PET is computed in the main program of DRAINMOD from recorded daily 
maximum and minimum temperature values. The heat index must be determined 
and entered, along with the latitude of the site, separately. Adjustments 
for day length and number of days in the month are made in the program based 
on latitude and date. This version of the main program also inputs hourly 
rainfall from climatological records and is used for long-term simulations. 
Another version of the main program was developed to input climatological 
data obtained in experiments to test the model. The daily PET values were 
calculated separately and read into the model from cards. In this case, any 
method could be used to determine PET, although the Thornthwaite method was 
still used for all tests. 

The approximate nature of the Thornthwaite equation for predicting 
daily PET should be emphasized. The following comments on the method were 
made by Taylor and Ashcroft (1972): 

"This equation, being based entirely upon a temperature relationship, 
has the disadvantage of a rather flimsy physical basis and has only 
weak theoretical lustification. Since temperature and vapor pressure 
gradients are modified by the movement of air and by the heating of the 
soil and surroundings, the formula is not generally valid, but must be 
tested empirically whenever the climate is appreciably different from 
areas in which it has been tested. ... In spite of these shortcomings, 
the method had been widely used. Because it is based entirely on 
temperature data that are available in a large number of localities, it 
can be applied in situations where the basic data of the Penman method 
rn not available." 

Several of the methods llsted in Table 2-1, as well as others not 
listed, will give more accurate estimates of PET than Thornthwaite. The 
Penman (1948) equation and the combination method by van Bavel (1966) are 
rellable methods, but reqire input data that are not available for many 
locations, especially for the long, continuous period of record needed in 
application of DRAINMOD. However, it is important to note that, if the 
input data can be obtained, these or other methods can be used in DRAINMOD 
by simply substituting for the Thornthwaite method in the main program. The 
necessary data for other methods may be available for some locations and it 
may be desirable to change the PET component for such applications. 
Measurements of net radiation, wind speed, RH, etc., are presently being 
conducted, analyzed and stored using modern micro computer technology. 
Thus, complete sets of required input data for the more sophisticated PET 
precediction equations may be available for many locations in the future. 

In spite of the deficiency of the Thornthwaite method, it has given 
good results in some areas and it appears to be sufficiently accurate for 
drainage modeling in humid regions. Mohammad (1978) compared six methods 
for predicting PET for eastern North Carolina conditions. His study was 
closely associated with North Carolina State Univeristy experiments to test 



Ll DRAINMOD. Mohammad found that the PET values predicted by the Thornthwaite 
method were somewhat higher than that predicted from pan evaporation 
measurements and lower than predictions from the Penman method. Considering 
the difference in input requirements, the Thornthwaite method appears to 
provide an acceptable estimate of PET for North Carolina conditions. 

An alternative method of estimating PET is to use measured daily pan 
evaporation corrected by a pan coefficient. The pan coefficient is usually 
taken to be about 0.7. Daily pan evaporation values can easily be read into 
DRAINMOD, if they are available. This method is reliable for a wider range 
of locations and conditions than the Thornthwaite method. The problem with 
its use is that the data may not be available for locations of interest. 

Another method for estimating ET in terms of temperature and day length 
is the Blaney-Criddle formula. This method was developed by Blaney and 
Criddle (1947) for irrigated regions of the United States. The method has 
been modified by the SCS and is described, in detail, along with charts for 
consumptive-use and crop growth stage coefficients in Technical Release No. 
21, "Irrigation Water Requirements." The ~1ane~- riddle methods has been 
widely correlated with field experiments having been empirically developed 
for irrigated areas of the semi-arid and arid regions. According to Taylor 
and Ashroft (1972), the method gives an estimate of actual ET, rather than 
PET, because it is based on correlations with existing irrigation practice. 
This would cause some difficulty in using the Blaney-Criddle method in 
DRAINMOD where the effect of limiting soil water conditions is considered 
separately from PET calculations. Taylor and Ashcroft state that the method 
"is probably adequate for many estimates of seasonal ET under conditions 
similar to those for which crop coefficients and consumptive use factors 
have been determined. It has not proven reliable for shorter periods." 
Still, this may be a suitable alternative to the Thornthwaite method, 
especially for applications in the west, although it would require some 
modification of DRAINMOD. 

Each ET calculation involves a check to determine if soil water 
conditions are limiting. When the water table is near the surface or when 
the upper layers of the soil profile have a high water contnet, ET will be 
equal to PET. However, for deep water tables and drier conditions, ET may 
be limited by the rate that water can be taken up by plant roots. Gardner 
(1958) analyzed the factors controlling steady evaporation from soils with 
shallow water tables by solving the governing equations for unsaturted 
upward water movement. For soils with a given functional relationship 
between unsaturated hydraulic conductivity and pressure head, K = K(h), 
Gardner presented simplified expressions for the maximum evaporation rate in 
terms of water table depth and the conductivity function parameters. For 
steady unsaturated flow, the upward flux is constant everywhere and the 
governing equation may be written as, 

L 
Where h is the soil water pressure head and z is measured downward from 

the surface (Figure 2-13). For any given water table depth, the rate of 
upward water movement will increase with soil water suction (-h) at the 
surface. Therefore, the maximum evacoration rate for a given water table 



WATER TABLE 

Figure 2-13. Schematic for upward water movement from a water table due to 
evaporation. 

depth can be approximated by solving Equation 2-24, subject to a large 
negative h value, say h = -1000 cm, at the surface (z = 0) and h = 0 at z = 
d, the water table depth. Numerical solutions to Equation 2-24 can be 
obtained for layered soils and for functional or tabluated K(h) relation- 
ships (See Chapter 5 and Appendix F). By obtaining solutions for a range of 
water table depths, the relationship between maximum rate of upward water 
movement and water table depth can be developed. Such a relationship is 
shown in Figure 2-14 for the Wagram loamy sand studied by Wells and Skaggs 
(1976). 

Relationships such as that shwon in Figure 2-14 are read as inputs to 
the model in tabular form. Then, if the PET is 5 m/day, the ET demand 
could be satisfied directly from the water table for water table depths less 
than about 0.64 m. For deeper water tables, ET for that day would be less 
than 5 rn or the difference would have to be extracted from root zone 
storage. The root depth will be discussed in a later section. However, it 
should be pointed out that the roots are assumed to be concentrated within 
an effective root zone, and that the surface boundary condition may be 
shifted to the bottom of the root zone, as indicated by the abscissa label 
in Figure 2-14. 

Methods used for determining whether ET is limited by soil water 
conditions can best be described by an example. Assume that the Wagram soil 
shown in Figure 2-14, the water table at the beginning of day k is 0.91 m 
between the bottom of the dry zone; the root zone depth is 10 cm and PET for 



WATER TABLE DEPTH BELOW ROOT ZONE, M 

Figure 2-14. Relationship between maximum rate of upward water movement 
versus water table depth below the root zone for a Wagram 
loaniy sand. 

day x is 5 mm. From Figure 2-14, we find that 1 mm of the PET demand will 
be supplied from the water table, leaving a 4 mm deficit. This deficit can 
be supplied by water stored in the root zone, if it has not already been 
used up. Here it is assumed that the plant roots will extract water down to 
some lower limit water content, 8 ; the wilting point water content has 
been used for 8 but a larger v%e can be substituted if desired. For ee' convenience, thzs water is assumed to be removed from a layer of soil 
starting at the surface and creating a dry zone which is limited to a 
maximum depth equal to the rooting depth. Taking a value of 8 of 0.15 and 
a saturated water content, e , of 0.35 the 4 mm deficity woulde&y out a 
layer of thickness 0.4 cm/0.25 - 0.15) = 2 cm. Thus, the dry zone depth at 
the end of day k, would be incrased by 2 cm. Further, the total water table 
depth would be incrased by 2 cm in addition to the incrase resulting from 
the upward movement of the 1 mm of water. Under these conditions, El' for 
day k will be equal to the PET fo 5 mm. When the dry zone depth becomes 
equal to the rooting depth, ET is limited by soil water conditions and is 
set equal to the upward water movement. For example, if the dry zone at the 

L beginning of day k was already 10 cm deep, the El' for day k would be limited 
to the rate of upward water movement of 1 mm, rather than 5 mm. The storage 



volume in the dry zone is accumulated separately from the rest of the 
unsaturated zone. It is updated on a day-to-day, hour-to-hour basis, and is 
assumed to be the first volume filled when rainfall or irrigation occurs. 

d 

One problem with the use of the methods discussed above for calculating 
ET, is the difficulty of obtaining reliable K(h) data needed to determine 
the relationship given in Figure 2-14 for many field soils. This is 
particularly true for multilayered soils and is discussed in detail in 
Chapter 5. A more approximate method was developed and may be used as an 
option in the model by estimating a single critical or limiting depth 
parameter. When this option is used, it is assumed that the potential ET 
rate will be supplied from the water table until the distance between the 
root zone and the water table becomes greater than the limiting depth. 
After the distance from the root zone and the water table reaches the 
limiting depth, it is assumed that water will be extracted from the root 
zone at a rate still equal to the potential ET rate, until the root zone 
water content reaches 0 in the same manner as was explained above when PET e 
was greater than the rafe of upward water movement. Thus, water is removed 
from the root zone frm the surface downward until the depth of the 
resdting dry zone is equal to the rooting depth. Then, ET is assumed equal 
t o  zero. This option is considered more approximate than the altermtive 
rnethod and should be used only when the relationship between maximum upward 
flux and water table depth cannot be obtained. 

Predictions of ET, as limited by soil water conditions, are shown 
schematically in Figure 2-15 for a period of constant PET. As discussed 
above, ET is assumed to be equal to PET, until the water content in the 
entire root zone falls to 9 e e  - Then, there is a steep drop in ET to a value 
equal to the upward flux from the water table. Such abrupt changes are very 
rare in natural situations and better methods can be devised to handle the 
transition, as water is removed from the root zone. Actually, the rate that 
water can be removed from the root zone is a function of soil water 
potential (Figure 2-16). 

The rate, E , that water can be removed from the root zone to satisfy 
ET demand could Be calculated from a relationship such as the one developed 
by Norero (1969) : 

Where k is a constant that can be defined using methods given in Taylor 
and Ashcroft (1972) and Norero (1969), JI is the soil water potential in the 
root zone which could be obtained from the soil water characteristic using 
the average root zone water content, and $* is the value of JI when E = 0.5 
PET. Inclusion of Equation 2-24 or a similar method in DRAINMOD woufd 
likely improve predictions for periods when the dry zone approaches the root 
zone depth. However, these modifications have not been made, nor tested at 
this time. 

Soil Water Distribution 

The basic water balance equation for the soil profile (Equation 2-11 
does not require knowledge of the distribution of the water within the 
profile. However, the methods used to evaluate the individual components, 
such as drainage and ET, depend on the position of the water table and the 
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DRY ZONE DEPTH = 
ROOT ZONE DEPTH 

Figure 2-15. Schematic of the change in ET, with time for a constant PET as 
treated in the model. When the dry zone depth reaches the 
bottom of the root zone, ET is assumed to decline to the rate 
of upward flux. 

SOIL WATER POTENTIAL, ?, EARS 

Figure 2-16. Schematic of relative evapotranspiration (ET/PET), as affected 
by soil water potential, $, in the root zone. 



soil water distribution in the unsaturated zone. One of the key variables 
that is determined at the end of every water balance calculation in DRAINMOD 

4 
is the water table depth. The soil water content below the water table is 
assumed to be essentially saturated; actually it is slightly less than the 
saturated value due to residual entrapped air in soils with fluctuating 
water tables. In some earlier models, the water content in the unsaturated 
zone was assumed to be constant and equal to the saturated value, less the 
drainable porosity. However, recent work (Skagges and Tang, 1976, 1978) has 
shown that, except for the region close to drains, the pressure head 
distribution above the water table during drainage may be assumed nearly 
hydrostatic for many field scale drainage systems. The soil water 
distribution under these conditions is the same as in a column of soil 
drained to equilibrium with a static water table. This is due to the fact 
that, in most cases in fields with artificial drains, the water table 
drawdown is slow and the unsaturated zone, in a sence, "keeps up" with the 
saturated zone. As a result, vertical hydraulic gradients are small. This 
is supported by the nearly verticial equipotential (H) lines in Figure 2-9 
and Figure 2-17, which shows plots of pressure head versus depth at the 
drain, quarter and midpoints for drainage to open ditches spaced 20 m apart 
in a Panoche soil. The pressure head at the quarter and midpoints increase 
with depth in a 1:l fashion indicating that the unsaturated zone is 
essentially drained to equilibrium with the water table (located where 
pressure head = O), at all times after drainage begins. 

The assumption of a hydrostatic condition above the water table during 
drainage will generally hold for conditions in which the D-F assumptions are I 

valid. This will be true for situations where the ratio of the drin spacing i/ 
to profile depth is large, but may cause errors for deep profiles, with 
narrow drain spacings. 

Water is also removed from the profile by ET, which results in water 
table drawdraw and changes in the water content of the unsaturated rate. In 
this case, the vertical hydraulic gradient in the unsaturated zone is in the 
upward direction. However, when the water table is near the surface, the 
verticial gradient will be small and the water content distribution still 
close to the equilibrium distribution. Solutions for the water content 
distribution in a vertical column of soil under simultaneous drainage and 
evaporation are given in Figures 2-18 and 2-19. The solutions to the 
Richards equation for saturated and unsaturated flow were obtained using 
numerical methods described by Skaggs (1974). The water table was initially 
at the surface of the soil column and solutions were obtained for various 
evaporation rates and a drainage rate at the bottom of the column equal to 
that resulting from drains spaced 30 m apart and 1 m deep. 

The results in Figure 2-18 indicate that, when the water table is 0.4 m 
from the surface, the water content distribution for this soil is 
independent of evaporation rates less than 4.8 mm/day. When the rate of 
evaporation from the surface was 0.0, the water table fell to the 0.4 m 
depth after 1 day of drainage; whereas, it reached the same depth in 0.74 
days, when the evaporation rate was 4.8 m/day. However, the water content 
distribution above the water table was the same for both cases; it was also 
the same for the intermediate evaporation rate of 2.4 m/day. Figure 2-19 d 



PRESSURE HEAD, cm 
AT X = 5m AT X =  lOm (Mid~oinl)  

F igure 2-17.. Pressure head d i s t r i b u t i o n  w i th  depth a t  midpoint, quarter  po in t  and next  t o  
the d ra in  f o r  various times a f t e r  drainage begins f o r  a Panoche loam s o i l  
( a f t e r  Skaggs and Tang. 1976). 
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Figure 2-18. Soil water content distribution for a 0.4 m water table depth. 
The water table was initially at the surface and was drawn 
down by drainage and evaporation. Solutions are shown for 
three evaporation rates. 

shows the distribution when the water table reached a depth of 0.7 m. 
Again, the soil water distribution was independent of the evaporation rate, 
except for the region close to the surface at the high evaporation rate (4.8 
mm/day). The distribution for no evaporation is exactly the same as that 
which would result from the profile draining to equilibrium with a water 
table 0.7 m deep. Thus, the "drained to equilibrium" assumption, appears to 
provide a good approximation of the soil water distribution for this soil 
for both drainage and evaporation, when the water table depth is relatively 
shallow. Even when the water table is very deep, the soil water distribution 
for some distance above the water table will be approximately equal to the 
"equilibrium" distribution. 

The zone directly above the water table is called the wet zone and the 
water content distribution is assumed to be independent of the means in 
which water was removed from the profile. Thus, the air volume or the 
volume of water leaving the profile by drainage, ET, and deep seepage, may 
be plotted as a function of water table depth as shown in Figure 2-20. 
Assuming hysteresis can be neglected, Figure 2-20 would allow the water 
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Figure 2-19. Soil water distribution for a water table depth of 0.7 m for 
various drainage and evaporation rates. 
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table depth to be determined simply from the volume of water that enters or 
is removed from the profile over an arbitrary period of time. For example, 
if the water table in the Wagram loamy sand of Figure 2-20 is initially at a 
depth of 0.6 m, the air volune above the water table would be V = 33 mm. 
Then, if drainage and ET removed 10 m of water during the follgwing day, 
the total V will be 43 mm and the depth of the wet zone, which is equal to 
the water t k e  depth in this case, 0.66 m (from Figure 2-20). Subsequent 
infiltration of 25 mm would reduce the air volume to 18 mm and the water 
table depth to 0.48 m. 

The maximum water table depth for which the approximatation of a 
drained to equilibrium water content distribution will hold depends on the 
hydraulic conductivity functions of the profile layers and the ET rate. The 
maximum depth will increase with the hydraulic conductivity of the soil and 
decrease with the ET rate. Because the unsaturated hydraulic conductivity 
decreases rapidly with water content, large upward gradients may develop 
near the surface, or near the bottom of the root zone, where the soil water 
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Figure 2-20. Volume of water leaving profiel (cm /cm ) by drainage and 

evaporation versus water table depth. Solutions for five 
d 

evaporation rates are given. 



L distribution departs from the equilibrium profile. At this point, the 
upward flux cannot be sustained for much deeper water table depths and 
additional water necessary to supply the ET demand would be extracted from 
storage in the root zone creating a dry zone as discussed in the ET section. 
This is shown schematically in Figure 2-21. 

For purposes of calculation in DRAINMOD, the soil water is assumed to 
be distributed in two zones - a wet zone extending from the water table up 
to the root zone and possibly through the root zone to the surface, and a 
dry zone. The water content distribution in the wet zone is assumed to be 
that of a drained to equilibrium profile. When the maximum rate of upward 
water movement, determined as a function of the water table depth, is not 
sufficient to supply the ET demand, water is removed from root zone storage 
creating a dry zone as discussed in the ET section. The depth of the wet 
zone may continue to decrease due to drainage and some upward water 
movement. At the same time, the dry zone, with a constant water content of 
Bee may continue to increase to a maximum depth equal to that of the root 

WATER CONTENT 

WATER TABLE = - - 

Figure 2-21. Schematic of soil water distribution when a dry zone is 
created near the surface. 



zone. The water table depth is calculated as the sum of the depths of the 
wet and dry zones. When rainfall occurs, the storage volume in the dry 

iJ 
zone, if one exists, is satisfied before any change in the wet zone is 
allowed. However, the depth to the water table will decrease by virtue of 
the reduction of the dry zone depth. 

The assumptions made concerning soil water distribution may cause 
errors during periods of relatively dry conditions in soils with deep water 
tables and low K in the subsurface layers. Depp water tables may result 
from verticial seepage into an underlying aquifer or because of deep 
subsurface drains. For such conditions, the soil water at the top of the 
wet zone just beneath the root zone may be depleted by slow upward movement 
and by roots extending beyond the assumed depth of the concentrated root 
mass. Such conditions may cause the water content at the top of the wet 
zone to significantly depart from the drained to equilibrium distribution. 
However, this will not cause a problem for wet conditions and for most 
shallow water table soils for which the model was derived. 

Rooting Depth 

The effective rooting depth is used in the model to define the zone 
from which water can be removed as necessary to supply ET demands. Rooting 
depth is read into the model as a function of Julian date. Since the 
simulation process is usually continous for several years, an effective 
depth is defined for all periods. When the soil is fallow, the effective 
depth is defined as the depth of the thin layer that will dry out at the 
--face. When a second crop or a cover crop is grown, its respective 
rooting depth function is also included. The rooting depth function is read 
in as a table of effective rooting depth versus Julian date. The rooting 
depth for days other than those listed in the table is obtained by 
interpolation. 

This method of treating the rooting depth is at best an approximation. 
The depth and distribution of plant roots is affected by many factors, in 
addition to crop species and date of planting. Thesefactors included 
barriers, fertilizer distribution, tillage treatments, and others, as 
reviewed in detail by Allmaras, et al, (1973) and Danielson (1967). A good 
discussion of the effect of various factors on root growth and distribution, 
with effective graphic presentations, is given in Chapter 1, Section 15 of 
the SCS-NEH. One of the most important factors influencing root growth and 
distribution is soil water. This includes both depth and fluctuation of the 
water table as well as the distribution of soil water during dry periods. 
Since the purpose of the model is to predict the water table position and 
soil water content, a model which includes the complex plant growth 
processes would be required to accurately characterize the change of the 
root zone with time. Such models have been developed fro very specific 
situations, but their use is limited by input data and computational 
requirements at this time. Research is being conducted at North Carolina 
State University to develop root and plant growth models for use in 
DRAINMOD. Results of this and similar work at other locations should lead 
to future improvments in this component of the model. 



The variation of root zone depths with time after planting may be 
approximated for some crops from experimental data reported in the 
literature. Studies of the depth and distribution of corn roots under field 
conditions were reported by Mengel and Barber (1974). Their data were 
collected on a silt loam soil which was drained, with drains placed 1 m deep 
and 20 m apart. They observed little evidence of root growth limitation by 
moisture or aeration stresses. The data of Mengel and Barber are plotted in 
Figure 2-22 for root zone depth versus time. Numbers on the curves indicate 
percentage of the total root length found at depths less than the value 
plotted. The broken sections of the curves were approximated by assuming 
that the effective root depth increases slowly for the first 20 days after 
planting, then more rapidly until the beginning of their measurements on day 
30. The data of Mengel and Barber (1974) for the year 1971 showed the total 
root length reached a maximum 80 days after planting at about the silking 
stage, remained constant until day 94, then decreased until harvest at day 
132. However, the percentage of roots less than a given depth remained 
relatively constant after about 80 days as shown in Figure 2-22. 

PERCENTAGE 3F TOTAL 
ROOT LENGTH PgOVE 
GIVEN DEPTH 

1 IME AFTER PLANTING, DAYS 

Figure 2-22. Relationships for depth above which 50, 60, 70, and 80 percent 
of the total root length exists versus time after planting for 
corn. From data given by Mengel and Barber (1974). 



A similar study on the root distribution in corn was conducted by Foth 
(1962). Distribution plots based on root weights are given in Figure 2-23. 
The major differences between these results and those of Mengel and Barber 
were the shorter growing season (85 day versus 120 day corn) and smaller 
root depths, than those given in Figure 2-22. The total root dry weight is 
also plotted versus time in Figure 2-23. Foth found that root growth for 
plants less than 0.3 to 0.4 m reached a maximum by end of the vegetative 
growth stage 45 to 50 days after planting. After that date, there was a 
more rapid increase of roots, at deeper depths. 

The following comments regarding mositure extraction patterns are made 
in the SCS-NEH (Section 16, Chapter 1, pages 1-30 and 1-33). 

"For most plants, the concentration of absorbing roots is greatest in 
the upper part of the root zone (usually in the top foot) and near the 
base of the plant. Extraction of water is most rapid in the zone of 
greatest root concentration and under the most favorable conditions of 
temperature and aeration. Since water also evaporates from the upper 
few inches of soil, moisture is withdrawn rapidly from the upper part 
of the soil. As the amount of moisture in this part of the root zone 
is diminished, soil-moisture tension incrases. Plants then get 
moisture from the lower parts of the root zone. 

In uniform soils that are fully supplied with available moisture, 
plants use water rapidly from the upper part of the root zone and 
slowly from the extreme lower part. Basic moisture-extraction curves 
indicate that almost all plants growing in a uniform soil with an 
adequate supply of available mositure have similar moisture-extraction 
patterns. The usual extraction pattern shows that about 40 percent of 
the extracted moisture comes from the upper quarter of the root zone, 
30 percent from the second quarter, 20 percent from the third quarter, 
and 10 percent from the bottom quarter. Values for individual crops 
are within a range of _+ 10 percent. 

It is apparant that input data to DRAINMOD for the effective rooting 
depth-time relationship should not be based on the maximum depth of root 
penetration. Use of the 60 percent curve, as shown by the dark curve in 
Figure 2-22 has given good results in tests of the model. Relationships 
such as those given in Figures 2-22 and 2-23 for corn are not available for 
many crops. Values for a constant effective root zone depth are reported in 
the literature for many crops and are used in irrigation design. Bloodworth, 
et al, (1958) reported root distribution data for several mature crops. 
Methods for estimating the effective root zone depth-time relationship from 
single effective depth values given in the literature are discussed in 
Chapter 5. 
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Figure 2-23. Root depths and t o t a l  dry root weight versus times a f ter  
planting for  corn. From data given by Foth (1962). 





CHAPTER 3 

WATER MANGEMENT SYSTEM OBJECTIVES 

Agricultural water management systems may be installed to satisfy a 
variety of objectives. In most cases, the overall objective is to eliminate 
water related factors that limit crop production or to reduce those factors 
to an acceptable level. In the final analysis, the acceptable level depends 
on the cost of the required water management system in relation to the 
benefits that will result from its installation. Such benefits vary from 
year to year with both weather and economic conditions and are difficult to 
quantify because of the complex interrelationships of crop production 
processes. The selection or design of an optimum water management system 
for a given situation may also depend on the land owner. Some owners are 
willing to operate at a greater level of risk than others, so an acceptable 
level of drainage protection, for example, may be less for one owner than 
for another. 

As more is learned about modeling plant growth, yields, and machinery- 
soil interactions (e.9. trafficability), it may be possible to simulate the 
entire crop production process, and thus to optimize the water management 
system design based on profit for a given enterprise. Lacking this know- 
ledge at the present time, more intermediate or traditional objectives of 
water management systems must be used. Such objectives are easier to 

i/ 
quantify and generally form the basis for system selection and design. For 
example, drainage systems in humid regions are usually installed to satisfy 
two functions: (a) to provide trafficable conditions for seedbed prepara- 
tion in the spring and harvest in the fall, and (b) to insure suitable soil 
water conditions for the crop during the growing season. There may be a 
number of drainage system designs that will satisfy these objectives. For 
example, a system with good surface drainage and poor subsurface drainage 
may be adequate while a system with poor surface drainage and good 
subsurface drainage may serve the same purpose. Whether or not a given 
system will satisfy the objective depends on the location, crop, and sol1 
properties. Of course, the objective itself may depend on the individual 
farmer's management capabilities, equipment, and manpower available, etc. 
For example, one farmer may require 10 working days for harvesting his crop 
while another farmer may need only 5 days for the same job. DRnINMOD can be 
used to simulate the performance of a given system design and evaluate the 
appropriate objective functions for a long period of climatogical record. 
By making multiple simulations, the least expensive system that will satisfy 
the water management objectives for a given situation can be chosen. 

Four objective functions are routinely computed in DRAINMOD and may be 
used for evaluating the adequacy of a given system design. These objective 
functions are: 

1. Number of working days - this is used to characterize the ability 
of the water management system to insure trafficable conditions 
during specified periods. 

2. SEW-30 - stands for sum of excess water at depths less than 30 cm 
and provides a measure of excessive s o i l  water conditions during 
the growing season. 



3. Number of dry days during growing season - quantifies the length 
of time when deficient soil water conditions exist. 

4. Irrigation volume - when a water management system is designed for 
d 

land disposal of waste water, the objective function is the 
allowable amount of irrigation for a specified time interval. 

Working Day 

A day is defined as a working day if the air volume (drained volume) in 
the profile exceeds some limiting value, AMIN; if the rainfall occurring 
that day is less than a minimum value, ROUTA; and if a minimum number of 
days, ROUTT, have elasped since that amount of rainfall occurred. It should 
be noted that ROUTA and ROUTT are assumed to be independent of AMIN and of 
the drainage system. For example, if conditions are very dry, with say an 
air volume of 150 mm in the profile, a 30 mm rainfall might still postpone 
field operations for 1 or 2 days even though the soil would normally be 
trafficable with an air volume of less than 150 - 30 = 120 mm. This is due 
to the fact that the surface wets up during rainfall and remains too wet for - 
field operations until sufficient time for redistribution of the soil water 
has elapsed. Values for these limiting parameters are read into the model 
for two time periods which are specified by the beginning and ending Julian 
dates. The starting and stopping working hours (SWKHR and EWKHR) are also 
read in for each period and are used to compute partial working days. For 
example, let us assume that SWKHR = 0600 and EWKHR = 1800, (i.e., the 
working day is 12 hours long) for a given period. Then, if rain in excess 
of ROUTA occurs at 1400 hours, field work would be terminated at that point; 
and (1400 - 0600)/12 = 0.67 working days would be computed and stored for 
that day. The parameters AMIN, ROUTA, etc., are dependent on the soil and 
on the field operation to be conducted. These parameters have been obtained 
experimentally for some soils and are presented in Chapter 5, along with a 
discussion of methods for estimating the parameters for other soils. 

The concept of SEW-30 was discussed by Wesseling (1974) and Bouwer 
(1974). It was originally defined by Sieben (1964) to evaluate the 
influence of high fluctuating water tables during the winter on cereal 
crops. It is used herein to quantify excessive soil water conditions during 
the growing season and may be expressed as, 

Where x .  is the water table depth on day i, with i = 1 being the first 
1 

day and n the number of days in the growing season. The model actually 
calculates SEW-30 on an hourly, rather than a daily basis, so the SEW-30 as 
calculated by the model is more accurately expressed as, 

Where x. is the water table depth at the end of each hour and m is the 
total hours in the growing season. Negative terms inside the summation are 



L 
neglected. The definition of SEW-30 is shown graphically by the cross- 
hatched area in Figure 3-1. 

The relationship between crop yields and SEW-30 is shown schematically 
in Figure 3-2. Use of the SEW concept assumes that the effect on crop 
production of a 5 cm water table depth for a one day duration is the same as 
that of a 25 cm depth for five days. This seems unlikely as pointed out by 
Wesseling (1974). The severity of crop injury due to high water tables 
depends on the growth stage and time of year (Williamson and Kriz, 1970) as 
well as height of water table and time of exposure which determine the 
SEW-30 values. Probably, a better method of evaluating the quality of 
drainage during the growing season is the stress day index (SDI) concept 
advanced by Hiler (1969). This objective function was used by Ravelo 
(1977). He used DRAINMOD to evaluate alternative drainage system designs 
based on predicted excess water damage to grain sorghum. The crop 
susceptibility factors were defined for 3 growth stages from published 
experimental data (Howell, et al, 1976) and SEW-30 was used as the stress-day 
factor. This procedure allowed association of the amount of damage and the 
level of the stress-day-index. The slight modifications of the model 
necessary to use the stress-day-index are given by Ravelo (1977). However, 
the crop susceptibility factors are not available for other crops, so the 
SEW-30 value is used here as the objective function for quantifying 
excessive soil water conditions. 
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Figure 3-1. SEW-30 may be defined as the area between the water table and a 
depth of 30 cm (cross-hatched) during the growing season. 
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Figure 3-2. Schematic representation of the effect of SEW-30 on crop 

yields. 

Although the SEW-30 concept has a number of weaknesses, it still 
provides a convenient method of approximating the quality of drainage. 
Sieben found that yields decreased for SEW-30 values greater than 100 to 200 
cm-days. However, his values were calculated for the entire year, rather 
than just for the growing season as given here. Unless otherwise specified, 
it will be assumed that drainage is adequate to protect crops from excess 
water if the SEW-30 value is less than 100 cm-days. Obviously, some crops 
are more susceptible to poor drainage than others (Figure 3-11, so it may be 
desirable to adjust the critical SEW-30 value to fit the crop to be grown. 
Research is currently being conducted to better define the relationship 
between drainage and crop reponse. 

Dry Days 

A dry day is defined as a day in which ET is limited by soil water 
conditions. When the water table is at a shallow depth, water removed from 
the root zone by ET is replenished by upward movement from the wetter zones 
near the water table. After the water table is drawn down to a certain 
depth, the ET demand can no longer be sustained by upward movement alone and 
the root zone water will be depleted. ET will continue at a rate governed 
by atmospheric conditions until the soil water content in the root zone 
reaches some lower limit, Bee,  as discussed previously. Wen this condition 



occurs, ET will be limited to the rate water can move upward to the root 
L/ zone from the vicinity of the water table. The limiting water content 

depends on the PET rate, as well as soil and crop properties, although the 
model assumes that it depends only on the soil (Figure 2-16). Days in which 
ET is less than the potential (PET) because of soil water conditions are 
presumed detrimental to optimum crop production and are counted as "dry 
days." A better method of quantifying stress due to dry conditions is the 
ratio of actual to potential transpiration, as used by Sudar, et al, (1979). 
This has not been included in the present version of the model, however. 

Thus, the three parameters, working days, SEW-30, and dry days are used 
to quantify the performance of alternative agricultural water management 
systems. Ideally, a system would insure a given number of working days 
during the season when the crops are to be planted; SEW-30 values below a 
given maximum to prevent crop damage by excessive soil water; and a minimum 
number of dry days to prevent crop losses due to deficient soil water 
conditions. 

Waste Water Irrigation Volume 

DRAINMOD was also developed with the option to evaluate hydraulic 
loading limitations of land treatment of waste water. Waste water 
application to the surface may be scheduled at a specified interval, INTDAY, 
during a given period. If the drained volume in the profile is less than a 
given amount. REQDAR, irrigation of waste water may be posponed until the 
next day, at which time the drained volume will again be compared to REQDAR, 

L or it may be skipped until the next scheduled period. If the parameter 
INSIXR = 0, the irrigation will be skipped. If INSIRR > 0, the irrigation 
will be postponed until the following day. If rainfall in excess of AMTRN 
occurs prior to time of scheduled irrigation, it is assumed to be 'rained 
out' and the event is postponed to the next day. If a scheduled irrigation 
is postponed more than twice, for whatever reason, it will be skipped until 
the next scheduled event. When land application systems are hydraulically, 
rather than nutrient limited, the objective is to apply as much waste water, 
as possible, without surface runoff. Maximum application reduces the land 
area required for the system, as well as the size of the irrigation system 
required. Thus, the objective function for evaluating a system design and 
irrigation scheme is the amount of wastewater than can be applied per unit 
area. This function may be evaluated on an annual basis to determine the 
size of the required system, and on a month basis to assess the waste water 
storage capacity that may be required during wet months. The amount of 
water irrigated at each application is read in to the model by specifying 
the beginning and end times. of irrigation, IHRSTA and IHREND, and the 
application rate for each month AMTSIM (MO) (cmhr). By specifying a 
negative value for AMTSIM (I), DRAINMOD will automatically apply the maximum 
amount of water that the profile will hold at irrigation, less the amount 
AMTSIM. That is, it will apply an amount TAV + AMTSIM(1) for every 
scheduled irrigation where AMTSIM(1) < 0.0. TAV is the total air volume in 
the profile at the time irrigation is scheduled to begin. Normally, a fixed 
amount of water will be applied at each scheduled irrigation. The option to 
apply the maximum amount of water that the profile will hold was added to 
evaluate situations where waste water would be stored during wet periods of i. the year and then applied at the maximum rate during dry periods. 



In addition to determining the effects of a given drainage system 
design on the amount of waste water than can be applied per unit area of 
land, DRAINMOD can be used to compare the results of different irrigation 
strategies. For example, under the guidelines of only applying waste water 
when runoff will not occur, can more waste water be applied by scheduling 
two - I inch irrigations each week, one - 2 inch irrigation each week or one 
- 4 inch irrigation every two weeks? It turns out that, everything else 
being equal, more waste water can be applied by irrigating more frequently 
with smaller amounts of water. These alternatives are evaluated and 
discussed in some detail in an example given in Chapter 6. 



CHAF'TER 4 

SIMULATION OF WATER MANAGEMENT SYSTEMS - PROCEDURE 

This section discusses the procedure for using DRAINMOD to simulate the 
performance of a water management system. As an example, the design of a 
drainage system is considered. The required input data and a representative 
example of the program output are presented. Sources of input data and 
methods used to determine them are discussed in Chapter 5. Other examples 
of the use of DRnINMOD for evaluation and design are given in Chapter 6. 
The purpose of this chapter is to demonstrate the simulation procedure and 
examine the form of the required inputs and simulation output. 

Example - A combination surface-subsurface drainage system 
The soil chosen for this hypothetical example is a Wagram loamy sand 

located near Wilson, North Carolina. This soil type is usually well drained 
in nature and does not require artificial drainage. In this case, however, 
it is flat and is underlain by a very slowly permeably layer at a 1.8 m 
depth. Corn is to be grown on a continuous basis. The seedbed is to be 
prepared after about March 15 and corn planted by April 15; the harvest 
period is September 1 to October 15. The purpose of the drainage system is 
to provide trafficable conditions in the spring and ruing the fall harvest 
season, and to prevent excessive soil water conditions during the growing 
season. The simulation will tell us whether or not the given design will 

l..,, accomplish this purpose and how often it may be expected to fail. 

Input Data 

The input data for this example are given in Appendix A as card images 
arranged in the order that they are fed into the computer. The sources of 
these data and more details concerning the inputs are discussed below. 

Soil Property Inputs 

The relationships between drainage volume (or effective air volume 
above the water table) and water table depth were determined from large 
field cores as discussed by Skaggs, et al, (1978), and are plotted along with 
similar relationships for other soils in Figure 5-4. The relationship 
between maximum rate of upward water movement to supply ET requirements and 
depth of the water table below the root zone is given in Figure 2-15 for the 
Wagram soil. A summary of the other soil property inputs is given in Table 
4-1. 

Crop Input Data 

The growing season for corn is approximately 120 days from April 15 to 
about August 15. The effective root zone depth is assumed to be dependent 
on time after planting and is arbitrarily taken as that given by the 60 
percent curve from the data of Mengel and Barber, Figure 2-22. Soil water 
from a shallow surface layer will be removed (i.e., dried out to some lower 
limit water content) by evaporation even when the land is fallow. 
Therefore, an effective root zone depth of 3 cm was assumed for the period 
before and after the growing season. Other crop related input data are 
given in Table 4-1. 



Drainage System Input  Parameters  

The d r a inage  system c o n s i s t s  of subsu r f ace  102 mm (4  inch1 d r a i n s  
spaced 45 m a p a r t  and 1 m deep. The su r f ace  d ra inage  i s  on ly  f a i r  w i th  some 
sha l low dep re s s ions  and an average s u r f a c e  s t o r a g e  dep th  o f  12.5 mm. 
Convergence nea r  t h e  d r a i n  is accounted f o r  by d e f i n i n g  an  e q u i v a l e n t  dep th  

Depth t o  r e s t r i c t i n g  l a y e r  
Hydraul ic  conduc t i v i t y  

Volumetric wate r  con t en t  a t  lower l i m i t  
( w i l t i n g  p o i n t )  

I n i t i a l  wa te r  t a b l e  dep th  
Minimum s o i l  a i r  volume r equ i r ed  f o r  

t i l l a g e  o p e r a t i o n s  dur ing :  
f i r s t  work pe r i od  ( sp r i ng )  
second work pe r i od  ( h a r v e s t )  

Hiniir.~m r a i n  t o  s t o p  f i e l d  o p e r a t i o n s :  
s p r i n g  seedbed prep .  
f a l l  h a r v e s t  

Xinimum t i m e  a f t e r  r a i n  b e f o r e  can till: 
s p r i n g  seedbed prep .  
f a l l  h a r v e s t  

Worirra p e r i o d  f o r  seedbed prep . :  
s t r r t i n g  day 
ending day 

Working pe r i od  f o r  h a r v e s t :  
s t a r t i n g  day 
ending day 

Working hours  du r ing  sp r i ng :  
s t a r t i n g  t ime  
ending t i m e  

Working hours  dur ing  h a r v e s t :  
s t a r t i n g  t ime 
ending t i m e  

Growing season - s t a r t i n g  d a t e  
- ending d a t e  

Depth on which SEW c a l c u l a t i o n s  a r e  based 

DEPTH 180 cm 
CONK 6 cmfir 

(uniform) 

WP 0.05 
IDTWT 0.0 cm 

ROUTAl 1.2 cm 
ROUTAZ 0 .5  cm 

ROUTTl 1 day 
ROUTTZ 1 day 

SWKHR2 0800 
EWKHR2 1800 
ISEWMS/ISEWDS 4/15 
ISDWME/ISEWDE 8/15 
SEWX 30 cm 

Parameters  f o r  Green-Ampt W.T. Depth ~ ( h r - l )  B(cm h r - I )  
i n f i l t r a t i o n  equa t i on :  0 cm 0 0  

5 0  3.0 1 .0  
100 5.5 2.0 
i 5 0  8 .7  3.0 
200 11.5 3.0 
500 25.0 3.0 



L from the drain to the impermeable layer according to the methods given by 
Hooghoudt (van Schilfgaarde, 1974). Methods given elsewhere Skaggs (1978b), 
were used to find an effective radius of a completely open drain tube from 
data presented by Bravo and Schwab (19751, and then to determine the 
equivalent depth using equations given by Moody (1966). Input parameters 
describing the drainage system are surmnarized in Table 4-2. 

Table 4-2. Summary of drainage system input parameters. 
............................................................................ 

Program 
Parameter Variable Name Value 

Drain spacing 
Drain depth 
Equivalent depth to impermeable layer 
'Equivalent profile depth 
Maximum depth of surface storage 
Drain radius 
Effective drain radius 

SDRAIN 45 m 
DDRAIN 1 m 
HDRAIN 0.68 m 
DEPTH 1.68 m 
STMAX 12.5 mn 
* * 57 m 
* * 5.1 mm 

* The equivalent profile depth is the sum of DDRAIN and HDRAIN and is used 
as input for the variable DEPTH, rather than the actual profile depth in 
Table 1. 

L **These variables are not inputs to DRAINMOD, but are used to calculate 
HDRAIN. 

Climatological Input Data 

Hourly precipitation and daily temperature data were obtained for 
Wilson, North Carolina, from HISARS. Inputs identifying the station and 
specifying the heat index for ET calculations were given on the EXECUTE JCL 
card. These inputs are given in Table 4-3. 

Station ID for precipitation 
Station ID for daily temperatures 
Latitude for temperature station 
Heat index 
Year and month simulation starts 
Year and month simulation ends 

ID1 319476 
ID2 319476 
LATT 3S0 47' 
HET 75.0 
START 1952-01 
END 1971-12 



other Input Data 

Irrigation is not considered in the example given here. However, input 
data for irrigation must be specified; values are selected such that no 
irrigation water will be applied. An example of the irrigation inputs 
required for simulating the use of the above system for application of waste 
water is given in Appendix A. 

Simulation Results 

Sample results of the computer output for each simulation are shown in 
Tables 4-4 through 4-7. A listing of the input parameters and soil 
properties is given in Table 4-4. Daily summaries for the month of July 
1959 are given in Table 4-5 and monthly summaries for 1959, a relatively wet 
year with a total of 1553 mm of rainfall, infiltration (INFIL), ET, 
cumulative drainage (DRAIN), runoff, total water leaving the field through 
the outlet drain (WLOSS) and the amount of irrigated water (DMTSI). In 
addition, soil water conditions at the end of the day are given by values - 
for air volume in the wet zone (AIR VOL), total drained volume (TVOL), depth 
of dry zone (DDZ), depth of wet zone (WETZ), depth of the water table 
(DTWT), depth of water stored on the surface at the end of the day (STOR), 
depth of water in the outlet (DRNSTO). The SEW-30 value is also given for 
each day. 

The monthly summaries (Table 4-61 give the totals of rainfall, 
infiltration, runoff, drainage, ET, dry days, working days, water lost from 
the field through the drainage outlet, SEW-30, total irrigation (MIR), 
number of irrigation events (MCN), depth of water pumped for subirrigation 
(PUMP), and the number of scheduled irrigation events postponed (MPT) for 
each month. Sample output results for a year (1961) with a smaller amount 
of rainfall are given in the output section of Appendix A. Also given in 
Appendix A is an example of simulation output when this water management 
system is used for disposal of waste water at a planned sprinkler irrigation 
rate of 2.5 cm/week. 

The simulation was conducted for a 20-year period (1952-1971). The 
summary and ranking of the objective functions, which is printed out at the 
end of the simulation is given in Table 4-7. A probability analysis can 
then be conducted on the results in Table 4-7 and on similar results for 
other sets of design parameters to develop relationships between the 
objective functions and design parameters such as those given in Chapter 6 
(e.g. Figures 6-11 and 6-12). 



Figure 4-4. An example of computcr output  - l i s t i n g  of  i n ~ ~ t o  - Nagram s o i l .  

I ~ P I P P  P A R A ~ T E R  VAI.IIES I m n  rn mrs s ~ r r t n . a r l o r  

VEI"l'U 1 V  UIUlN- IU0.OCM 
EFFECTIVE DEI'111 FllIJM DIIAIN '1V lRl'E'.IIPULAULL LAYER = 6B.RCII 
DISTANCE DKIWLN I N S  = 451 , I r .  OCEI 
mx~rnm DEPTH OF RUIIFACE PONDINC = n . 2 5 ~ ~  
EFFECTIVE DEPTH IPFERNEADLE LAYER= 16Il.OCM 
NlJMFlER OF DEPTH INCREPIRNTS- 33. 
nRAlNACF. COEFF ICIENT( A S  1.IMlTF.n TYY SIIRSITRFACE OUTLET ) = I .  5OCIVDAY 
ACTllAl, nEPTR FROM SImFACE M 1MPERMEARI.E 1.AYF.R- IRO.@CP( 
SURFACE SMRACE THAT MIST RE FII.I.ED RFFORE WATER CAN MOW. M DRAIN ( F l C . 2 - 1 2 )  = 1. 
YAC'l'o11 -1:- I N  KlllKllAM En. 2 - 1 7  = 2 1 . 7 0  ~. .. .. ....- ~ . ~ . ~ .  .~~~ - ~~ 

MINIPIUM A l l 1  VOL IWUUIIWI) FOR 'I'I~ASY I C A R ~ I . ~ T Y  FOR FIRQT WORK PERTOR( A U l U l ) =  R.70CM 
RlN lUM DAILY IUlnYALL 'IU U'IVI' I+ 1 E1.1) 01'1~:11~1'10NS PO11 FIRST I'XRIOI) ( ROUTAI ) = I .  2 5 C N  
~ I N I P I W  TIME ~ L ' E I ~  I L ~  UEVUIIY CAN TILL ~ 1 1 ~ u ' r  1~~:111v1) ( w v r r 1 )  = I .DAYS 
ninlmun A m  VOL HEPUIIIED FOII TMFFICALIILITY I V I ~  IMVND WUIUC I~YIIIVD (AMINP) = S . ~ B C ~  
HlNlUM DAILY RAINFALL TO STOP FIELD OI'ER1'IONS FVll SWONIII'EIIIVU (IIVWI'A%)= I.POCN 
RINIRWR TIPIE AFTER M I N  BEFORE CAN T I L L  SECOND PERIOD (IIOWlTJ)= 1.l)AYS 
. I I ~ . I  AN DATX m RF.GIA COUNTING WORK DAYS-F IKST PERIOD= 76 
.Illl.lAN nATE M END COI.WiTlN~ WORK nAW- F I R S T  PERIOD= 1 0 5  
HOIIR M RECIN WORK- F IR*T P E R I O W  &I 
HO1ll1 M END WORK-FIRST PERlOn'2fI 
J U L  IAN DATE TV I i W I N  COJlNTlNC WORK DAYS-SECONn P E R l O n ~ R h R  
JULlAN Vl l ' t i  'IU ENlb CVUNTlNC WWtK Ii,4YS- SECONI) PY.RIOn-36H 
UOUII TU I)EOlN WVIIK- SECVNU I'EllI(lV= 11 
llOUR W EnV WIN(- SECOND l'EIIIVD=2V 
RAXIMUM ROOTING DEPTII= 3 8 . 0 C t l  
CRITICAL DEPTH WET ZONE= 75.6934 

ENDING llUUl1 VF SUIIYACE l l U 1 l A T l V N  I %  
NU SURFACE i n n ~ c t i r l u n  INTEIIVAL I =  o u 
NO SURFACE IRRIGATION lN1XRVAL 2= 0 C4 
HlTIlMUIl A I R  REQUIRED TO IlAVE SUllFACE IlWIGATIOR= 3 . 5 8 C I I  
AMOUNT OF RAIN TO POSTPONE SURFACE IRRIGATION= l.O@CM 
SIIRFACE 1RRIGATlr)N FOR ONE HOUR: 0.0 0.0 0.0 0.0 8.0 8.6 6.6 8.0 8.6 6.8 

DEPTIW OF WIERS FROU TAE SURFACE 

n ATE 1 / n .  W n .  s / o .  4 / o .  W e .  W B .  7 / 0 .  ~ 6 .  9 / 0 .  1 ~ 8 .  1 1 / 8 .  12/e. 
w 1 E n n w - m  1m.0 i n n . @  1 s a . n  i n n . n  106.0 1 s c t . o  10n .0  1 0 0 . 8  100.8 100.0 1 ~ 8 . 8  108.0 





Table 4-4 (Cont.) An example o f  computer output - l i s t i n g  o f  inputs - Wagram s o i l .  

swxn AWT IUFII.TRATION 
W.T.n. A 

n.0  o.n 
SO. onn 3 .  eon 
I Bfl. OUft 5.508 
ISV.UU0 U.780 
289. QW 11.3VO 
508. OR0 23 . Wll  

1 4.l)o 
in6 4.00 
116 5.863 
126 U.80 
136 16.00 
146 PI.@@ 
156 23.66 
I66 26.00 
I76 2R. 00 
I ~ f ,  an. no 
196 30. 80 
LrZh :I@. 6MI 
am 4.061 
36 h 4 . W  

PAR4l'ETERS 
R 
O.R 
I .  non 
2. o m  
:I. 000 
:J . w 0  
:I, llQ$* 



Table 4-5. An example of computer output for daily summaries - Wagram soil, July, 1959. All values given in cm. 

DAY 
I 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
I4 
15 
16 
17 
18 
19 
20 
2 1 
22 
23 
24 
25 
26 
27 
28 
29 
30 
3 1 

- 

AIR VOL TVOL 
12.75 16.88 
12.79 17. 1 1  
12.82 17.39 
12.89 17.81 
12.96 18.27 
13.00 17.60 
13.07 18.13 
13.14 18.61 
13.18 18.21 
13.21 16.31 
13.06 13.06 
1 1 . 1 1  11.11 
3.70 3.70 
2.41 2.41 
0.00 0.00 
0.53 0.53 
0.59 0.59 
1 .24 1.24 
1.45 1.45 
1.00 1.00 
1.16 1.16 
1.99 1.99 
2.77 2.77 
3.53 3.53 
1.64 1.64 
0.00 0.00 
0.74 0.74 
1.19 1. 19 
1.81 1.81 
1.88 1.88 
2.54 2.54 

DDZ 
16.463 
17. 15 
18. 14 
19.53 
21.05 
18.26 
20.08 
21.68 
19.96 
12.30 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

RUnOFF WLOSB YD DRUBTO REW D m 1  
0.08 0.00 0.0 0.00 0.0 0.0 
0.00 0.0 0.0 0.00 0.0 0.0 
0.0 0.00 0.0 0.00 0.0 0.0 
0.0 0.0 0.0 0.00 0.0 0.0 
0.0 0.0 0.0 0.00 0.0 0.0 
0.00 0.00 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 
O.R 0.0 0.0 0.0 0.0 0.0 
0.08 0.0 0.0 0.00 63.0 0.0 
0.00 0.00 0.0 0.0 0.0 0.0 
0.00 0.00 0.0 0.0 0.0 0.0 
0.0 0.01 0.0 0.0 0.0 0.0 
0.28 0.39 0.0 0.0 0.0 0.0 
0.00 0.19 0.0 0.0 0.0 0.0 
0.63 0.97 0.0 0.0 7.60 0.0 
4.47 5.03 0.0 0.0 15.70 0.0 
0.00 0.40 0.0 0.0 1.32 0.0 p. 

1 
0.00 0.32 0.0 0.0 0.0 0.0 u) 

0.00 0.27 0.0 0.0 0.0 0.0 
0.0 0.28 0.0 0.0 0.0 0.0 
0.00 0.30 0.0 0.0 0.0 0.0 
0.0 0.26 0.0 0.0 0.0 0.0 
0.0 0.22 0.0 0.0 0.0 0.0 
0.0 0. 19 0.0 9.0 0.0 8.0 
0.0 0.17 0.0 0.0 0.0 0.0 
0.65 1.01 0.0 0.0 9.26 0.0 
4.63 5. IR 0.0 0.0 8.71 0.0 
0.00 0.33 0.0 0.0 0.0 0.0 
0.00 0.26 0.0 0.0 0.0 0.0 
0.00 0.23 0.0 0.0 0.0 0.0 
0.00 0.23 0.0 0.0 0.0 0.0 



Table 4-6. An example of computer output f o r  monthly summaries - Wagram s o i l ,  1959. 

mnmy V o L m  IN CF.rnInETERS FOR YEAR 1959 
PIDI(H4 RIlWALL INFILTRATION RUNOFF DRAINAGE ET DRY DAYS SEW 

O.n 
0.a 
0 . 0  

40.R1 
n.n 
8.0 

42.50 
0 .0  
O.n 
8.0 
8 .0  
0. n 

Table 4-7. Example o f  computer output o f  yearly summaries and ranking o f  objective functions - 
work days, SEW30 dry days and yearly i rr igat ion  for drainage. 

M)RK DAY@ YEAR SEW YEAR DRY DAYB YEAR IRRIGATlOR YEAR 





CHAPTER 5 

INPUT DATA 

The input data requirements for the water management model are 
discussed in this section. Data are required for soil properties, crop 
inputs, water management system parameters and climatological input data. 
The purpose of this chapter is to identify required inputs, discuss methods 
of measuring or calculating these data and identifying published and 
unpublished sources of data for different soils, crops, and locations. 

In many cases, all of the input data needed in the model will not be 
available from conventional data sources. Furthermore, it may not be 
possible to measure, or otherwise directly determine, the data, and the 
needed inputs will have to be approximated. Where possible, methods of 
approximating the various input data are qiven in the chapter. When 
relationships, such as the hydraulic conductivity or upward flux have to be 
estimated from a meager amount of information, it is a good idea to test the 
sensitivity of the objective function to the relationship estimated. Some 
sensitivity analyses are presented in Chapter 7, but, when possible, such 
analyses should be conducted for the specific case of interest. If the 
objective function is not sensitive to the estimated inputs, the 
approximations may be used. When the results are sensitive to the 
estimations, it may be desirable to invest more time and money in 
determining the needed inputs. 

L/ soil Property Inputs 

The first step in obtaining soil property input data for a given area 
is to refer to a good soils map of the fields involved. The soils map will 
identify the different soil types and certain of the required input data can 
be obtained or estimated from the soil survey interpretations. The soil 
survey data will also serve as a guide for identifying layers, etc., and for 
making additional soil property measurements. 

The model should be used to make a separate analysis for each major 
soil type involved in a given water management system design or analysis. 

Hydraulic Conductivity - K. 
The saturated hydraulic conductivity of each horizon above the 

restricting layer is an important input. Since artificial drainage and 
subirrlgation usually involve lateral flow to and from drains, the effective 
horizontal K values are used. A rough estimate of K can be obtained from 
the SCS soil survey interpretations (Form #5 - blue sheets). These data are 
usually based on soil texture and structure and the judgment of soil 
scientists. The K values are normally not determined from measurements and 
are approximations of the vertical hydraulic conductivity. Field or 
laboratory measurements of K are occasionally made for a soil series by the 
SCS National Soil Survey Lab personnel or at universities in the various 
states. These data may be in the file for the qiven soil series at the state 
SCS office or at the respective National Technical Centers. They may also 
be available in publications from the state universities, usually from the 
departments of soil science or agricultural engineering. Hydraulic K data 



may also have been measured for a few locations by the SCS National Soil 
Mechanics Lab in Lincoln, Nebraska. These measurements would have been made 
on cores form dam site locations and would represent deep horizons. Such 
data would be available from the state SCS office. 

In some cases, detailed in situ K measurements have been made for -- 
selected soil types (e.g., Schwab, et al, 1978) so a good estimate of 
saturated hydraulic conductivity can be made from knowledge of the soil 
type. K values have also been determined in the lab from undisturbed 
samples and tabulated by soil type and horizon for many soils. Some of the 
sources for these data, as well as for some field measurements of K are given 
in Table 5-1. K values determined from cores tend to be smaller than field 
effective values because the cores usually do not contain cracks, worm 
holes, etc., that may have a big effect on K. Also, care should be taken in 
using values from cores, in that these values usually represent vertical K 
while drainage rates depend more on horizontal K. Effective vertical and 
horizontal K values may be different by a factor of 10 for field soils. 
Furthermore, K values may very considerably within a given soil type. 
Therefore, on-site measurements should be made whenever possible. 

Numerous methods have been developed for determining saturated 
hydraulic conductivity in the field (Bouwer and Jackson, 1974). They 
include the auger hole method (van Bavel and Kirkham 1949, Boast and Kirkham 
1970, van Beers 1970); the slug test (Bouwer, 1978) the two-well method 
(Childs, et al, 1953); the four-well method (Kirkham 1955, Snell and van 
Schilfgaarde 1964); and the piezometer method (Kirkham 1946). Shady, et al, 
(1977) reported on experience in Canada with field production scale 
hydraulic measurements using the auger hole method. This method is the most 
commonly used and is described in the SCS-NEH (Section 16, Chapter 2). 
These methods offer the advantage of a rapid, relatively easy measurement, 
but the resulting K value represents a single point in the field and several 
measurements may be needed to determine a field effective K value (Dylla and 
Guitjens, 1970); Hore 1959). 

Methods for determining field effective K values from water table 
drawdown measurements were presented by Hoffman and Schwab (1964) and Skagqs 
(1976, 1979). These methods are currently being used by Schwab, et al, 
(1978) to determine K for several soils in the midwest. The ratic of K to 
drainable porosity, f, is obtained by matching measured drawdown rates to 
those predicted from theoretical equations. By calculating f from drain 
outflow measurements (e.g. Hoffman and Schwab 1964) or from soil water 
characteristic data (Duke 1972; Skaggs, et al, 1978), hydraulic conductivity 
can be obtained from the K/f determinations. A major advantage of 
determining K/f from drawdown measurements is that the effects of profile 
heterogeneities, nonuniformities, and anisotropy tend to be lumped in such a 
way that they are properly represented in ultimate drain spacing 
calculations. In addition, errors made in estimating the effects of soil 
layering and determining the depth to the impermeable layer are incorporated 
in the K values obtained and result in smaller errors in predicted drain 
spacings than when K is measured independently. The main disadvantage is 
that these measurements require more time and effort than do the point 
methods. 



Soil Water Characteristic h(8). 
L 

This property is a measure of how tightly water is held in the soil 
matrix in the unsaturated state. In addition to being an input to DRAINMOD, 
h(8) is used in determining other inputs such as the relationship between 
water table depth and drainage volume, upward flux, etc. When the water 
table depth-drainage volume relationship is not read in, it is computed in 
DRAINMOD from the h(8) data. The soil water characteristic is a basic soil 
property which is second in importance to only hydraulic conductivity in 
modeling soil water movement. 

The soil water characteristic is usually determined in the laboratory 
using tension tables or pressure plates. Details of apparatus and procedure 
are given by L. A. Richards (19651, Tanner, and Elrick (1958) and others. 
Soil water characteristics for soils representing several textural classes 
are plotted in Figure 5-1. Data are available for many soils from several 
sources and a national data set on soil water characteristics is being 
compiled by Rayls and Brakensiek (1979). A list of their data sources is 
given in Table 5-1. Holtan, et al, (1968) compiled a data set for h(8) for 
several hundred soil horizons. Some of these data are plotted in Figure 5-2 
(from Baver, et al, 1972). However the lowest tension represented in these 
data is 0.1 bar so they are not complete in the range needed for drainage 
modeling applications. They can still be used to get an approximation of 
the soil water characteristic. However, it will only be an approximation 
for drainage purposes. Additional h(e) data may be available from the SCS 
Soil Survey Investigations Reports (SSIR) from each state. The SSIR's are 

L/ available from the National Technical Centers and from individual state 
offices. The user should be aware that the data in the SSIR for a given 
soil type may be incomplete (e.g. volumetric water contents for only 2 or 3 
tensions), or it may not be available at all. On the other hand, additional 
h(8) data may be tabulated in the file that is maintained for each soil type 
at the SCS National Technical Centers, the National Soil Survey Lab, the 
state SCS offices, or in soil science departments at cooperating 
universities in various states. Because of the need for h(8) data at low 
tensions in drainage modeling, it is desirable to increase the number of 
pressure steps that are used in standard tests run by the SCS National Soil 
Survey Lab. Water contents could be obtained at tensions of 5 cm, 50 cm, 
and 100 cm without much additional effort or expense. Such data would be 
extremely valuable for applications discussed herein, as well as in other 
water management uses. 

The soil water characteristic relationship for only one layer is used 
as input data in the model. These data should represent the thickest layer 
between the surface and the drain line depth. Soil water characteristics 
for all the layers are needed to determine other required inputs. 

Soil water characteristics for a given site should be measured whenever 
possible. The next best alternative is the t~hulated h(8) data in the 
literature (Table 5-1). If data for the soil is not available, h(8) can be 
approximated for each horizon by matching the textural classes with those of 
soils that are tabulated. If possible, data should be obtained from soils 
in the same series and from the same geographic area. While h(8) depends on 
texture, it is also heavily dependent on structure. So a well aggregated 
soil should be matched with a soil in the literature that is also well 
aggregated. Once h ( Q )  is determined for each horizon other inputs can be 
obtained. 
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Figure 5-1. Soil water characteristics for 7 soils. Datd IOI- tlrr M u ~ c n ,  Colby, Nibley, Nickel and 
Poudre soils were obtained from Smith (1972). Wal:rarn ~ ~ n o  Coldsboro data are from 
Ql,....",. , , " 7 0 - ,  



Methods for determining input h(B) data may be ranked as follows: 

1. Measurement of h(9) from undisturbed field samples taken from each 
layer of the major soil types on the sites to be considered. 

2. Obtain tabulated h(B) data for the given soil types from 
literature sources. 

3. Estimate h(B) for each profile horizon by matching according to 
texture and structure with similar soils that have published or 
otherwise available h(9) data. 

Figure 5-2. Desorption curves for various soils sketched from data at 0.1, 
0.3, 0.6, 3, and 15 bars tension given by Holtan, et al, 1968. 
1. Continental gravelly sandy loam, Arizona. 
2. Sassafras sandy loam, Maryland. 
3. Progresso fine sandy loam, New Mexico. 
4. Vaucluse sandy loam, Georgia. 
5. Albion loam, Oklahoma. 
6. Abilene clay loam, Texas. 
7. Hartsells loam, Ohio. 
8. Palouse silt loam, Washington. 
9. Fayette silt loam, Wisconsin. 
10. Nellis gravelly loam, New York. 
11. Lard-like silty clay loam, South Dakota. 
12. Memphis silt loam, Mississippi. 
13. Drummer silty clay loam, Illinois. 
14. Auston silty clay, Texas. 
15. Marshall silty clay loam, Iowa. 
16. Bascom-like clay, South Dakota (from Baver, et al, 1972). 

Note that the curve between tensions of 0.0 and 9.1 bars 
may be very important for drainage applications and these 
data are missing in this d a t a  s e t .  



Table 5-1, Sources o f  pub l i shed s o i l  water c h a r a c t e r i s t i c  ( o r  mo is tu re  tens ion) ,  h y d r a u l i c  c o n d u c t i v i t y  and o t h e r  s o i l  p rope r t y  data 
(ob ta ined by personal communication from Walter J. Rawls, USDA-SEA-AR). 

Author o r  I n v e s t i g a t o r  
and Date Locat ion  o f  S o i l s  T i t l e  of A r t i c l e  Source 

1. Hol tan,  e t  a l .  1968 U.S.A. 

2. U n i v e r s i t y  o f  I l l i n o i s  Nor th  Cent ra l  Region 
and USDA-ARS, 1979 

3. Long, e t  a l ,  1963 Lower Coastal P la i ns -  
A t l a n t i c  Coat 

. E l k i n s ,  e t  a l ,  1961 Southern Piedmont 

5. Long, e t . a l ,  1969 A t l a n t i c  Coast Flatwoods 

6. Lu tz ,  J. F. 1970 Nor th  Ca ro l i na  

7. C a r l i s l e ,  e t  a l ,  1978 F l o r i d a  

Mo is tu re  t ens ion  data f o r  
se lec ted  s o i l s  on exper imental  
watersheds 

Water i n f i l t r a t i o n  i n t o  repre-  
s e n t a t i v e  s o i l s  o f  t h e  Nor th  
Centra l  Region 

S o i l  mo is tu re  c h a r a c t e r i s t i c s  o f  
some lower Coastal P la i ns  s o i l s  

S o i l  mo is tu re  c h a r a c t e r i s t i c s  o f  

some Southern Piedmont s o i l s  

Morphological,  chemical, and phys ica l  
c h a r a c t e r i s t i c s  of e igh teen repre-  
sen ta t i ve  s o i l s  of t he  A t l a n t i c  
Coast Flatwoods 

Movement and s to rage o f  water i n  
No r th  Caro l ina  s o i l s  

Cha rac te r i za t i on  data f o r  se lec ted  
F l o r i d a  s o i l s  

USDA, ARS B u l l e t i n  
ARS 41-144, 609 pages 

I l l i n o i s  A g r i c u l t u r a l  Experiment 

S t a t i o n  B u l l e t i n  760 and No r th  
Caro l ina  Region Research Pub. 259 
Urbana, I l l i n o i s ,  119 pages 

USDA, ARS B u l l e t i n  ARS 41-82, 
22 pages 

USDA, ARS ARS 41-54, 22 pages VI 
I 
u. 

USDA, ARS, and U n i v e r s i t y  o f  
Georgia A g r i c u l t u r e  Experiment 
S ta t ion ,  Research B u l l e t i n  59, 
Athens, Georgia, 74 pages 

North Ca ro l i na  S ta te  U n i v e r s i t y  
A g r i c u l t u r a l  Research Serv ice  
S o i l s  Informat ion Ser ies  No. 15, 
Raleigh, Nor th  Carol ina,  29 pages 

IFAS, U n i v e r s i t y  o f  F lo r ida ,  
USDA, SCS, S o i l  Science Research 
Report No. 78-1, Ga inesv i l  l e ,  
F l o r i da ,  335 pages 



(Continued) 
Table 5-1. Sources o f  pub l i shed s o i l  water c h a r a c t e r i s t i c  ( o r  mo i s tu re  tens ion) ,  hyd rau l i c  c o n d u c t i v i t y  and o the r  s o i l  p rope r t y  data 

(ob ta ined by personal communication from Wal ter  J. Rawls, USDA-SEA-AR). 

Author o r  I n v e s t i g a t o r  
and Date Locat ion  o f  S o i l s  T i t l e  o f  A r t i c l e  Source 

8. Lund, 2 .  F. and 
Lofton, L. L., 1960 

9. Lund, e t  a l ,  1961 

10. Longwell, e t  e l ,  1963 

11. Ho l t ,  e t  a l ,  1961 

12. Hermsmeier, 1966 

13. Cassel and Sweeney, 1974 

14. Olson, 1970 

15. Mathers, e t  a l ,  1963 

Louis iana 

Lou is iana  

Tennessee 

Minnesota 

Minnesota 

North Dakota 

South Dakota 

Physical  c h a r a c t e r i s t i c s  o f  some 
Louis iana s o i  1  s  

USDA, ARS, ARS-41-33, 83 pages 

Supplement t o  phys ica l  charac te r -  
i s t i c s  o f  some Louis iana s o i l s  

Mo is tu re  c h a r a c t e r i s t i c s  o f  
Tennessee s o i l s  

S o i l  mo is tu re  survey of some 
rep resen ta t i ve  Minnesota s o i l s  

Hyd rau l i c  c o n d u c t i v i t y  and o t h e r  
phys i ca l  c h a r a c t e r i s t i c s  o f  some 
"wet" s o i l s  i n  SW Minnesota 

I n  s i t u  s o i l  water h o l d i n g  c a p a c i t i e s  
of se lec ted  Nor th  Dakota s o i l s  

Water s to rage c h a r a c t e r i s t i c s  o f  21 
s o i l s  i n  eas te rn  North Dakota 

Southern Great P l a i n s  Some morphological  phyq ica l  , chemical, 
and m ine ra log i ca l  p r o p e r t i e s  o f  7  
Southern Great  P l a i n s  s o i l s  

USDA, ARS, ARS-41-33-1, 43 pages 

U n i v e r s i t y  o f  Tennessee Agr. 
Experiment S t a t i o n  and USDA, 
SCS B u l l e t i n  367, Knoxv i l l e ,  
Tennessee, 46 pages 

USDA, ARS B u l l e t i n  ARS 41-48, cn 
I 

43 pages u 

USDA, ARS B u l l e t i n  ARS 41-127, 
I 7  pages 

B u l l e t i n  495, Agr. Experiment 
S ta t ion ,  Nor th  Dakota, S t a t e  
Un i ve rs i t y ,  Fargo, North Dakota, 
25 pages 

USDA, ARS B u l l e t i n  ARS-41-166, 
69 pages 

USDA. ARS B u l l e t i n  ARS-41-85, 
63 pages 



(Cont i  nued) 

Table 5-1. Sources o f  pub l i shed s o i l  water c h a r a c t e r i s t i c  ( o r  mo i s tu re  t ens ion ) ,  h y d r a u l i c  c o n d u c t i v i t y  and o t h e r  s o i l  p rope r t y  data 

(ob ta ined by personal  communication from Walter J. Rawls, USDA-SEA-AR). 

Author o r  I n v e s t i g a t o r  

and Date Locat ion  o f  S o i l s  T i t l e  o f  A r t i c l e  Source 

16. K ro the r ,  e t  a l ,  1960 Missour i  

17. Post, e t  a l ,  1978 Ar izona 

18. K e l l e y  and Edwards 1975 Ohio 

19. Epste in.  e t  a l ,  1962 Maine 

20. Rourke, e t  a l ,  1969 Maine 

21. Rourke, e t  a l ,  1971 Maine 

22. Rourke and Bangs 1975 Maine 

S o i l  mo i s tu re  survey of some repre-  

sen ta t i ve  Missour i  s o i l  t ypes  

S o i l s  of t h e  U n i v e r s i t y  o f  Arizona 

Experiment S ta t i on :  Marana 

S o i l s  o f  t he  North Appalachian 

exper imental  watershed 

S o i l  mo is tu re  survey of some 

rep resen ta t i ve  Maine s o i l  t ypes  

Chemical and phys i ca l  p r o p e r t i e s  

of t h e  Char l ton,  Sutton, Paxton, 

and Woodbridge s o i l  s e r i e s  

Chemical and phys i ca l  p rope r t i es  o f  

t h e  Al lagarh,  Hermon, Howland, and 

Marlow s o i l  mapping u n i t s  

Chemical and phys i ca l  p r o p e r t i e s  o f  

t h e  Bangor, Dixmont, Caribou, 

Conant, Perhan, and Da ig l e  s o i l  

mapping un i  t s  

USDA, ARS B u l l e t i n  ARS-41-34, 

57 pages 

USDA, SCS, Agr i .  Eng. 6 S o i l  

Science, 78-1, U n i v e r s i t y  o f  

Arizona, Tucson, Arizona 

USDA, ARS, and SC5, Ohio Agr i .  

Research & Development Center, 

M.S. P u b l i c a t i o n  No. 1296, 

Washington, D.C., 145 pages 

USDA, ARS, ARS-41-57, 

57 pages 

Maine Agr. Experiment S t a t i o n  

Technical B u l l e t i n  34, 

U n i v e r s i t y  of Maine, Orono, 

Maine, 8  pages 

Agr. Experiment S t a t i o n  

Technical  B u l l e t i n  46, 

U n i v e r s i t y  of Maine, Orono, 

73 pages 

Agr. Experiment S t a t i o n  

Technical  B u l l e t i n  75, 

U n i v e r s i t y  o f  Maine, 

Orotha, 102 pages 



Drainage Volume - Water Table Depth Relationship 
This relationship is used in the model to determine how far the water 

table falls or rises when a given amount of water is removed or added. The 
volume of water drained at various water table depths (sometimes called the 
water yield) can be measured directly from large soil cores (Skaggs, eta al. 
1978). However, it is usually not convenient to collect a large core and 
the drainage volume - water table depth relationship may be calculated from 
the soil water characteristic. 

In calculating the water yield from h(B), it is assumed that the water 
table recedes such that the vertical hydraulic gradient above the water 
table is zero and the unsaturated zone is essentially 'drained to 
equilibrium' with the water table at all times. That is, it is assumed that 
the water content distribution at any time is the same as that which would 
result if the water table was stationary at a given position and the profile 
drained to equilibrium. Theoretical studies (Tang and Skaggs, 1978; Skaggs 
and Tang, 1976) indicate that this assumption is valid for most field scale 
drainage systems. Then, the volume drained per unit area, Vd, when the 
water table drops from the surface to depth y may be expressed as, 

1 ' 

Where 9 (y) is the soil water content prior to drainage, usually 

L/ assumed to bg constant and equal to the saturated value*, and B(y) is the 
equilibrium water content distribution which is obtained from the soil water 
characteristic for a water table depth of y The water content 

1 : 
distribution and V are shown schematically in Figure 5-3a for a uniform 
soil V is calculaeed for any depth, y, by numerically integrating the 
cross-batched area in Figure 5-3a. 

For layered profiles 0 and B(y) are obtained from the soil water 
0 

characteristics for the respective layers, the drained volume for a layered 
profile is schematically shown in Figure 5-3b. If the water yield 
relationships of the soils in the top layer, V ( y ) ,  and in the bottom 

dl 

*Soils are rarely completely saturated in the field because of entrapped 
air. Thus, 9 is the volumetric water content at residual air saturation 
which is usuayly not more than 90 to 95 percent of total porosity. 



Figure 5-3. S o i l  watea d i s t r ibut ion  For a uniform s o i l  [a] and a layered s o i l  [b] drained 
t o  equili lriurn t o  a water table. The broken curve i n  [b]  represents the s o i l  
water dfar~lbution For a tlniform s o i l  2 .  



L/ layer, V (y), are first determined from the soil water characteristics, 
d2. can be easlly computed for the layered soil as follows. For water table vd 

depths less than the depth, a, of the top layer, 

v (Y) = Vdl (y) d 

For greater depths, 

If the profile has a third layer starting at depth b, the water yield 
for depths greater than b may be computed by, 

V ( y )  = Vdl (Y) - Vdl (y-a) + Vd2 (y-a) - Vd2 (y-bl + Vdj (y-b) (5-4) d 

Where V (y) is the water yield relationship for the third layer. d3 

A computer program to calculate the V (y) relationship from the soil 
water characteristics of a soil profile wik up to 5 layers was developed by 
Badr (1978) and is given, along with example input data and program results, 
in Appendix D. 

Drainage volume - water table depth relationships are given in Frgure 
5-4 for 7 North Carolina soils. Others can be calculated from soil water 

L 
characteristic data which are available for many soils as discussed in the 
previous section. The slope of a plot of drainage volume versus water table 
depth is the drainable porosity, f, also called the specific yield. So if f 
is known or can be approximated for each soil horizon Vd(y) can be 
estimated. For example, consider a sol1 with a well aggregated surface 
layer (0 - 30 cm) which has a drainable porosity of approximately f = 0.12. 
The subsurface layer (B horizon; 30-120 cm deep) is a silt loam with f = 
0.04. These drainable porosities imply the water yield relationships 
plotted in Figure 5-5 (broken lines) for each layer. Once the V (y) 
relationships are estimated for each layer, the water yield for $he entire 
profile can be obtained from equations 5-2 and 5-3. This relationship is 
plotted as the solid curve in Figure 5-5. 

There are a number of methods of obtaining the input data for drainage 
volume versus water table depth as discussed above. These methods are 
ranked as follows with the most exact or best method listed first, the next 
best listed second, etc. 

1. Measurement of V (y) from large undisturbed soil cores. (Probably 
d impractical for most situations.) 

2. Calculation of V (y) from soil water characteristics, h(€~), for 
d 

each soil horizon. 

3. Determination of V (y) from estimated drainable porosities of each 
d 

layer (e.g. Figure 5-51 . 
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ii Upward Flux 

There are several ways of estimating the relationship between upward 
flux and water table depth. The entire concept is approximate, as discussed 
in Chapter 2 because the relationship is defined for steady state conditions 
while the actual upward water movement process is transient. The easiest 
method is to obtain upward flux relationships directly from the literature. 
Such relationships are plotted for 8 North Carolina soils in Figure 5-6. 
Gardner (1958) obtained explicit unsaturated flux solutions for a given form 
of the unsaturated hydraulic conductivity function. Generally, however, 
upward flux relationships are not available and must be calculated from more 
basic soil properties. Numerical procedures may be used to calculate the 
water table depth for a given steady upward flux. 

The equation for upward flux, at any point below the root zone, may be 
written from the Darcy-Buckingham equation as, 

Where q is flux, z is the vertical position coordinate which is positive in 
the downward direction, h is pressure head, and K(h) is the unsaturated 
hydraulic conductivity. By dividing the soil profile into increments of Az 
(Figure 5-7), Equation 5-5 can be written in finite difference form as, 

solving for h. yields, 
1+1 

For a given surface (or bottom of root zone) boundary condition h say 
1'. 

h = -500 cm, and an assumed value of q, h can be calculated from Equatlon 
2 (5-7) by looking up the K value corresponding to h = -500 cm. Then, h can 

1 
be determined from (5-7) and so on for the entire column. The water tdle 
depth for the q value assumed is that depth at which h = 0 .  By repeating 
the solution for a range of q values, the relationship between upward flux 
and water table depth can be defined. The K(h) value for each node is 
obtained from the unsaturated hydraulic conductivity function of the 
appropriate layer. A computer program to solve Equation 5-7 for a profile 
with up to 5 layers is given together with example input and output data in 
Appendix E. 

The most critical condition for upward water movement is when available 
water in the root zone has been used up. Then, the upper boundary is 
effectively at the bottom of the root zone. Since the root zone depth 
changes with time during the growing season, an average root depth should be 
defined and used as the surface boundary for calculating the upward flux. 
For example, if the root zone depth of corn varies from 2 to 28 cm, the 

L upper boundary condition should be applied at a depth of (2 + 28112 = 15 cm. 
Then, if the soil profile has three layers: 0 - 25 cm with Kl(h); 25-75 cm 
with K (h); and 75-120 cm with K (h), the solutions given above should be 

2 3 
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Figure 5-5. Drainage volume - water table depth relationships may be 
determined from estimated drainable porosity values. 
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Figure 5-6. Upward flux - water table depth relationships for eight North 
Carolina soils. 
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L/ 
obtained for a profile starting at the 15 cm depth. That is, a profile with 
layer 1, 0 - 10 cm - K (h); layer 2, 10-60 cm - K (h); and layer 3, 60 - 105 
cm - Kj(h). 1 2 

It is generally difficult to apply the above methods to determine 
upward flux relationships because of the unavailability of unsaturated 
hydraulic conductivity, K(h), data. Measured data are available for a few 
soils. Mualem (1978) cited sources of data for 50 soils. Other 
conductivity data may be obtained from some of the sources listed in Table 
5-1. Unsaturated hydraulic conductivity, soil water characteristics and 
other properties are being measured in the field in several locations 
throughout the United States. The measurements are being made primarily by 
soil physicists at the Land Grant universities in the various states. A 
regional project entitled "Movement and Storage of Water and Solutes in 
Selected Southern Region Field Soils" is being conducted by researchers in 
12 southern states. The project is sponsored by the Environmental 
Protection Agency and the Agricultural Experiment Stations in the individual 
states. The results from all states will be published in a bulletin when 
the project is completed (in 1982). Data may be published or available from 
individual researchers prior to that time. 

What do you do if K(h) data are not available? Probably the next best 
alternative is to calculated K(h) from the soil water characteristic and 
saturated K. A number of prediction methods have been proposed and were 
reviewed by Bouwer and Jackson (1974). Experimental evaluations of the 
prediction methods have shown that best results are obtained when a matching 

L factor is used to force the calculated and measured conductivities to agree 
at a given water content, usually saturation. Among the most frequently 
used methods are those predicted by Millington and Quirk (1961) and Marshall 
(1958). When the matching factor is based on the saturated conductivity, 
both the Millington and Quirk and Marshall equations can be written in the 
following form (Jackson, 1972). 

Where K(8.) is the calculated conductivity at water content 8. K is the 
1 1' s 

saturated conductivity, 0 is the water content at saturation, m is the 
s 

number of water content increments used in the computation and j and i are 
indicies. The exponent p is 0 for the Marshall formulation and 4/3 for 
Millington and Quirk. A value of p = 1 can be used for most cases (Kunze, 
et al, 1968; Jackson 1972). Figure 5-8 shows a soil water characteristic 
divided into m equal water content increments. Usually m taken between 10 
and 20 is adequate. The pressure head h. is obtained from the midpoint of 
each increment. The water content, 0 .  i; the highest water content for the 

1 increment. A computer program to calculate K ( 0 )  from Equation 5-8 is given 
in Appendix F. Once the K(h) relationship is defined, the numerical methods 
discussed above and in the computer program given in Appendix E can be used 
to determine the upward flux - water table depth relationship. 



PRESSURE HEAD h k m )  

Figure 5-8. Hypothetical pressure head-water content relation showing equal 
water-content increments and corresponding pressure heads used 
to calculate the unsaturated conductivity by the methods of 
Marshall and of Millington and Quirk (after Bouwer and Jackson, 
1974). 



Often the soil water characteristic will not be known. Then, how do 
you determine the upward flux? It should be obvious that the less we know 
about the soil properties, the more approximate will be the inputs and the 
results. In the case where we know neither K(h) or h (8), upward flux 
relationships can be estimated in terms of the soil texture and saturated 
hydraulic conductivity by assuming a form of the hydraulic conductivity 
function and selecting equation parameters based on the soil texture. 
Gardner (1958) suggested the following equation for the relationship between 
the hydraulic conductivity, K(h), and the pressure head, h. 

Where a, b, and n are parameters that depend on the soil. Raats and 
Gardner (1974) wrote the equation as: 

Where Ks is the vertical saturated hydraulic conductivity and h is 
the pressure head at which K(h) = Ks/2. 0.5 

Gardner (1958) solved Equation 5-5 for n values between 1.5 and 4 and 
expressed the maximum upward flux in terms of the water table depth and the 
parameters a, b, and n. Raats and Gardner (1974) showed that the solution 
for maximum upward flux could be written as, 

Where y is the depth of the water table below the surface. For our 
purposes, we would assume that y is the depth below the root zone, as 
discussed on pages 5-20. 

An equation similar to 5-10 was derived by Anat, et al, (1965) by 
assuming the Brooks and Corey (1964) form of the hydraulic conductivity 
function, which may be written as, 

Where q is a dimensionless constant for a given soil and is the 
bubbling pressure head (remember that the pressure head is nega ive for 

b 

"k ' 

unsaturated conditions, so h < h corresponds to tensions greater than - . 
Anat's equation for maximum upward flux may then be written as, 

?J) 

L Brooks and Corey (1964) related q to the pore size distribution index, 
A ,  as. 



They described graphical methods of determining h from the soil water 
characteristic. It can be shown that = n in Equations 5-9 and 5-10. 

The difficult part in applying either Equation 5-10 or Equation 5-12 is 
determination of the parameters n, %, and h When better information 

0.5: cannot be obtained the parameters can be approximated in terms of the soil 
texture using results recently reported by Brakensiek, et al, (1980). These 
results build on the work of Clapp and Hornberger (1978) and Brakensiek 
(1979) to present, for textural classes of sand, sandy loam, silt loam, 
etc., average values of n, hb, and other parameters that will be discussed 
in the section on infiltration. Values for nand are given in Table 5-5. 

. 
The values given by Brakensiek, et al, (1980) were derived from analyses of 
desorption data. Because upward flux may involve both desorption and 
imbibition processes (Anat, et al, 1965), estimates for the imbibition 
cycle should probably be used. Bouwer (1969) suggested that the bubbling 
pressure head for imbibition, which he called the water entry section, could 
be approximated as one-half the desorption . % 

Another method of estimating the upward flux is to employ the results 
of Clapp and Hornberger (1978). They used a power curve to model the soil 
water characteristic and a relationship for K(h) originally derived by 
Cambell (1964). By examining soil properties for many soils, they obtained 
average parameters for various textural classes. Their results were used to 
calculate normalized upward flux relationships for each textural class using 
Equation 5-7 and the computer program in Appendix E. These normalized 
relationships are plotted in Figure 5-9. An input upward-flux relationship 
for a given soil can be estimated by multiplying the flux values on the 
spproximate curve in Figure 5-9 by the saturated conductivity. A note of 

d 
cadtion is necessary in using the values given in Table 5-5 and Figure 5-9. 
In both cases, the results are based on soil water characteristic data 
~btalned by Holtan, et al, (1968). As already mentioned (page 5-4), these 
data are not complete for low tensions. Inaccuracies in this range may 
cause significant errors in predicting upward flux relationships so the 
results in Figure 5-9 and the data in Table 5-5 should only be used when 
measurements on the specific soils considered cannot be obtained. 

For layered soils, the maximum upward flux-water table depth 
relationships can be constructed for each soil layer using Equation 5-10, 
Equation 5-12, or Figure 5-9. Then, a composite curve can be constructed, 
as shown in the example below. 

Example. Analyses are to be conducted for a soil having the following 
profile description: 

0 - 15 cm sandy loam, K = 2.0 cmhr 
s 

15 - 55 cm sandy clay loam, K = 0.5 cmhr 
S 

55 - 135 cm sandy clay, K = 0.2 cmhr 
s 

Corn, with a time-average rooting depth of 15 cm is to be grown. Therefore, 
the upward flux relationship will be defined from profile characteristics 
from the 15 to 135 cm depth. Multiplying the ordinate values of the sandy 

d 
clay loam and sandy clay curves in Figure 5-9 by 0.5 and 0.2 cm/hr, 



WATER TABLE DEPTH, cm 
Figure 5-9. Approximate upward flux relationships for a range of textural 

classes. Upward flux was determined for saturated K of 1 cmhr 
in all cases. Average h(0) relationships were obtained from - 

the results of Clapp and Hornberger (1978). K(h) was predicted 
from the Millington and Quirk method with K- = 1.0 cm/hr and 
upward flux computed numerically (Equation 5-7 and Appendix E ) .  



respectively, gives the broken curves in Figure 5-10. The sandy clay loam 
curve will represent the relationship for water table depths from 0 to 55 - 
15 = 40 cm and the sandy clay curve for deeper depths. A transition curve 
is sketched in to smoothly connect the two relationships giving an 
approximate upward flux - water table depth relationship for the profile. 
If an upward flux relationship is to be calculated from Equation 5-12 or 
chosen from Figure 5-9 for a single layer, it should be based on the texture 
and K of the zone from the bottom of the plow layer to a depth of about 1 m. 

The simplest (and most approximate) method of handling the upward flux 
is to define a critical limiting depth, CRITD, below which water will not be 
transferred to the root zone. That is, it is assumed that water will move 
upward from the water table at a rate equal to the potential ET rate until 
the distance between the water table and the root zone becomes greater than 
CRITD. The parameter CRITD can be approximated from a soil profile 
description based on the texture and hydraulic conductivity of each horizon. 
In some cases, this option may be preferable to approximating an upward flux 
- water table depth relationship. Consider the field description of an 
Oldsmar sand profile given in Table 5-2. For this particular case, the soil 
properties are given by Hammond, et al, (1971) and the upward flux 
relationship could be calculated using the numerical methods discussed 
above. However, if these data were not available, we would assume that 
upward water movement would be severely restricted by the tight layer at a 
depth of 86 cm. Then, subtracting the average root zone depth of 15 cm 
gives CRITD = 86 - 15 = 71 cm. 

Alternative methods for determining input data for upward flux may be 
ranked as follows: 

1. Obtain upward flux - water table depth relationship from plots or 
tables in the literature (e.g. Figure 5-6) or from explicit 
solutions such as those given by Gardner (1957). Such relation- 
ships are not available for many soils at this time, but could be 
developed for future use. 

2. Calculate the relationship from K(h) using numerical methods 
(Equation 5-7 and Appendix F). 

a. With measured or tabulated K(h) for the given soils. 

b. With K(h) of each horizon computed from Millington and Quirk 
or other prediction methods (Appendix GI. This requires the 
soil water characteristic, h(8), and saturated K of each 
horizon. 

3 .  Use the normalized relationships for different soil textures given 
in Figure 5-9 with saturated K for each horizon. Approximate for 
layered soils, as discussed in relation to Figure 5-10, or choose 
approximate r~ and from Table 5-5. Calculate upward flux 
relationship 5-10 or 5-12. 

4. Use the critical depth concept. CRITD should usually not be 
greater than 90 cm and may be less depending on location of 
restricting horizons. 
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Figure 5-10. Upward f l u x  r e l a t i o n s h i p s  f o r  a  layered p r o f i l e .  The curves 
were approximated using t h e  r e l a t i o n s h i p s  i n  Figure 5-9, a s  
explained i n  t h e  example. 



Table 5-2. Field description of an Oldsmar sand profile at the SWAP 
Experimental site at Fort Pierce (after Hammond, et al, 1971). 

Horizon Depth, cm Morphology K (cm/hr) 

A1 0-13 Very dark gray (10 YR 3/11 sand; single 
grain structure; loose; gradual smooth 
boundary. 

A21 13-30 Gray (10 YR 5/1) sand; single grain 
structure; loose; gradual smooth boundary. 

A22 30-86 Light gray (10 YR 7/) sand; single grain 
structure; loose; abrupt wavy boundary. 

B2h 86-107 Black (10 YR 2/11 sand; massive structure; 
weekly cemented; gradual wavy boundary. 

B21 107-127 Very dark grayish brown (10 YR 3/2) loamy 
sand; single grain structure; loose; 
gradual wavy boundary. 

B22tg 127-152 Very dark grayish brown (10 RY 3/2) sandy 
clay loam; sub-angular block structure; 
friable; gradual wavy boundary. 

B23tg 152-218 Grayish brown (2.5 Y 5/21 to gray 
(10 YR 5/1) sandy clay loam; massive 
structure; friable; undetermined boundary. 

Green-Ampt Equation Parameters 

The flexibility of the Green-Ampt equations for describing infiltration 
under varied initial, boundary, and soil profile conditions makes it an 
attractive method for field applications. The fact that the equation 
parameters have physical significance and can be computed from soil 
properties is an added advantage. In practice, however, it will nearly 
always be advantageous to determine the equation parameters from field 
measurements by fitting measured infiltration data or from measurements such 
as those proposed by Bouwer (1966). Field infiltration measurements tend to 
lump the effects of such factors as heterogeneities, worm holes, and 
crusting in the equation parameters. This results in more reliable 
infiltration predictions than if the parameters are determined from basic 
soil property measurements. 

Methods for measuring infiltration in the field are discussed briefly 
in Section 15, Chapter 1 of the SCS-NEH. Parr and Bertrand (1960) published 
a thorough review of field methods for measuring infiltration capacity. 
Basically, two types of devices have been used - sprinkling infiltrometers 
and flooding infiltrometers. While it would be advantageous to use a 
sprinkling infiltrometer to simulate rainfall conditions, the flooding 
devices are far more frequently used because they require less equipment and 
are easier to install and operate than the sprinkling type. 



The most commonly used infiltrometer is probably the ring or cylindri- 
cal infiltrometer which was described in detail by Haise, et al, (1956). 
Bouwer (1963) and Wooding (1968) discussed methods of reducing and correcting 
for errors caused by lateral flow from the cylindrical infiltrometer. There 
are many types of sprinkling infiltrometers, as discussed by Parr and 
Bertrand (1960). Construction and operation of one such infiltrometer was 
presented, in detail, by Dixon and Peterson (1964). Sprinkling or spray 
infiltrometers usually consist of a plot surrounded by partially buried 
sheet metal barriers with facilities for measuring the rate of surface 
runoff. Water is sprinkled onto the plot surface at a constant intensity 
and the infiltration rate is determined from recorded runoff measurements. 
In most cases, the infiltration rate is determined by simply subtracting the 
runoff rate from the application intensity. However, the rate of surface 
storage during the initial stages of runoff should also be considered, as 
shown by Skaggs, et al, (1966) and Smith (1976). Another sprinkler irriga- 
tion method of measuring infiltration rates was described by Tovey and pair 
(1966). A shielded rotating sprinkler head is used to apply water to a 
circular section of soil at various rates depending on location. Application 
rates are measured and notes made as to whether the water is applied too 
fast, too slow, or equal to the infiltration capacity. The results can be 
used to plot a curve of infiltration capacity versus cumulative infiltration. 

Regardless of the method used to measure the infiltration relationship, 
the next step is to determine the Green-Ampt equation parameters from the 
infiltration measurements. From Equation 2-7, the Green-Ampt equation may 
be written as, 

Where A = K M S and B = K . A simple method for determining A and B is 
S 

demonstrated in ?he $%ample given below. 

Example. Results of field infiltration measurements on a sandy loam 
soil are tabulated in Table 5-3 and plotted in FIgure 5-11. The 
infiltration rates were determined by drawing a smooth curve through the 
observed cumulative infiltration data and taking the slope at various times 
along the curve. The parameters A and B can be estimated from these data by 
first defining a variable G = 1/F such that Equation 2-5 may be written, 

The variable G is also tabulated in Table 5-3. Then, A and B can be 
determined from a plot of f vs. G (Figure 5-12) by simply drawing a straight 
line (eyeball fit) through t p  data and determining the slope and intercept. 
In this example, A = 1.25 cm /hr and B = 0.50 cm/hr. 



Table 5-3. Results of sprinkler infiltrometer measurements on a sandy loam 
soil. The application rate was 5.0 cmhr. 

Cumulative Infiltration G = 1/F 
Time Infiltration, F Rate, f 

-1 
min (cm) (cm/hr) cm 

0 0 5.0 0 
3 (time of 0.25 5.0 4.0 

surface ponding) 
5 0.45 3.6 2.22 
10 0.60 2.4 1.67 
2 0 1.0 1.7 1.0 
40 1.55 1.2 0.645 
60 1.80 1.08 0.555 
90 2.25 0.95 0.444 
120 3.0 0.88 0.333 
150 3.25 0.81 0.308 
180 3.75 0.78 0.267 
210 4.10 0.75 0.244 

20 40 60 80 100 120 140 160 180 200 220 

TIME, MINUTES 

Figure 5-11. Cumulative infiltration determined from sprinkler infiltrometer 

d 
measurements and calculated infiltration rates as a function of 
time. 



Figure 5-12. Graphical procedure for estimating parameters A and B from 
measured infiltration data. 

Nothing has been said so far about the initial conditions for the above 
test. Let us assume that the water table was at a depth of 150 cm when the 
ab ve est was run and the water content at the soil surface was 8 .  = 0.25 3 5 
cm /cm T e maximum water content (saturation less entrapped air? is 0 = 9 s 
0.45 cm /cm . Therefore, M = 0.45 - 0.25 = 0.20 and since K = B = 0.5 
cm/hr, S = A/K M = 12.5 cm. The values of A and B can be aetermined for 

a 
other inlyial wa@er table depths by repeating the experiment for the 
different conditions. Alternatively, B can be assumed constant at 0.5 cm/hr 
and A can be estimated by determining the appropriate value of M for each 
water table depth. For example, if the initial water table depth is 50 cm, 
the water content at the surface may be obtained from the so'l w ter tc 'f 
characteristic (corresponding to h = -50 cm) as, say 0.32 cm /cm . Then, M 
= 0.45 - 0.36 = 0.09 and A = 0.5 X 0.09 X 12.5 = 0.56 cm fir. 

More sophisticated methods for determining A and B by fitting 
infiltrometer data using regression methods were presented by Brakensiek and 
Onstad (1977). They considered spatial variation of the estimated 
parameters and presented methods for averaging the values to give lumped 
parameter values for watershed modeling. A sensitivity analysis for the 

i equation parameters showed that predicted infiltration and runoff amounts 
and rates were most sensitive to the errors in fillable porosity, M, and Ks, 
and less sensitive to errors in S . 

av 



When field infiltration measurements are not available, the Green-Ampt 
equation parameters can be estimated from basic soil properties. Bouwer 

d 
(1966, 1969) showed that the hydraulic conductivity parameter in the 
Green-Ampt equation should be less than the saturated value, KO, because of 
entrapped air. He described an air-entry permeameter which can be used in 
the field for measuring K , the conductivity at residual air saturation, and 
the air entry suction. &en measured values are not available, Bouwer 
(1966) suggested that K may be approximated as K = 0.5 K . Thus, an 

0 
estimate of K can be ogtained from K values in she standard soil survey 

s 0 
interpretation forms. 

The effective suction at the wetting front, S , is somewhat more 
difficult to determine. Bouwer (1969) used the wa& entry suction, 
for S in Equation 2-7 and suggested that it can be approximated as 

hce 
a one-haYf of the air entry value. Main and Larson (1973) used the 

unsaturated hydraulic conductivity as a weighting factor and defined the 
average suction at the wetting front as, 

Where h is the soil water pressure head, h. is the pressure head at the 
1 

initial water content, 8 . ,  and kr is the relative hydraulic conductivity, k 
I r 

= K(h)/K . The effective matric drive, Hc, introduced by Morel-Seytoux and 
Khanji (7974) is dependent on the relative conductivities of both air and 
water. However, for most cases, the value of S given by Equation 5-15 is 

av 
a reasonable approximation of H (Morel-Seytoux and Khanji, 1974). 

C 

One of the problems of using Equation 5-15 to obtain S is the 
av rquirement of the unsaturated hydraulic conductivity functlon K(h). Some 

investigators have used prediction methods (e.g. Equation 5-8 and Appendix 
G: to estimate K(h) and then determine S from Equation 5-15. Brakensiek 
(1977) used methods of Brooks and Corey 7f964) and Jackson (1972) to 
determine S for the five soils originally investigated by Mein and Larson 
(1973). ~e~zhowed that, for the Brooks and Corey (1964) model, Equation 
5-15 may be integrated to give, 

Where hce is approximately one-half the bubbling pressure. The 
bubbling pressure, P and the parameter n may be obtained from the soil 

b' water characteristic by using graphical procedures given by Brooks and Corey 
(1964). The procedures are demonstrated in an example given below. 
Brakensiek (1977) found that S values computed from Equation 5-16 and from 
Equation 5-15 with k given byaEquation 5-8 were in good agreement with the 
original values of  gin and Larson for actual k data and with the H values 

r c 
computed by Morel-Seytoux and Khanji (1974) for the same five soils. 
Brakensiek (1977) also found that the simple equation, 

S = 0.76 P 
b' 

(5-17) 
av 

Where P is the desorption bubbling pressure, is an acceptable b 
approximation for the soils he investigated. 



L, Example. The soil water characteristic for a sandy clay loam soil is 
plotted in Figure 5-13. To use the method of Brooks and Corey (1964), we 
first define saturation as S = 9/9 where 6 = saturated water content. The 

S residual saturation, S is determined from $igure 5-13, or a similar plot of 
r 

S vs. h, as the horizontal asymptote. In this case, 9 = 0.21 and S = 
r r 0.21/ 0.42 = 0.50. Then, the effective saturation, 

is calculated for a number of points as shown in Table 5-4. Then, log S is 
e 

plotted versus log (-h) on log-log paper (Figure 5-14). 

The value of P is determined from the straight line intercept of the 
b 

-h axis. From Figure 5-14, P = 32 cm and n = 2 + 3A = 2 + 3 x 0.57 = 3.71. 
b 

Then, the value of 5 may be estimated from Equation 5-16 as, 
av 

s = -  
av 

32 x 3.71/(3.71 - 1) = 21.9 cm. 
2 

Using Equation 5-17 gives S = 0.76 x 32 = 24.3 cm. Thus, Sav can be 
av estimated from the soil water characteristic when it is available. 

Table 5-4. Effective saturation and pressure head values for a sandy clay 
loam. (S = 0.50). 

r 

When the soil water characteristic cannot be obtained for a given soil, 
it may be estimated by matching the soil texture with that of a soil for 
which h(9) is known, as discussed earlier in this chapter. Then, S could 
be estimated using the methods discussed above. The results of ~rag&siek, 
eta al. (1980) and Clapp and Hernberger (1978) can be used to estimate soil 
property values for various textural classes as discussed earlier in this 
chapter. Brakensiek's, et al, (1980) results for saturated water content, L 9 n ,  a, and S are given in Table 5-5. Brakensiek's (1979) estimates sf av . 
for Sav are also glven in the table. 



Table 5-5. Average values of 'a q, and S for 10 textural classes of 
soils (after ~raken&ek, k'al, 19%). Note: There may be ride 
variation of S within a textural class and these values should 

av 
be regarded, as approximate. 

Average (Std. 
'av Average 

Soil Texture 'a 
s Dev.) ' % (cm) (cm) S * (cm) av 

Sand 

Loamy sand 

Sandy loam 

Silt loam 

Loam 

Sandy clay loam 

Silty clay loam 

Clay loam 

Sandy clay 

Silty clay 

Clay 

* From Brakensiek's (1979) comment on the Clapp and Hornberger (1978) 
paper. 

** Estimated. 

Note: The values given in Table 5-5 are average values and that h(8) (and 
hence S ) depends on soil structure and other factors, as well as texture. 

av Therefore, the values tabulated in Table 5-5 should be treated, as 
estimates, to be used only when better data cannot be obtained. 
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Figure 5-13. S o i l  water c h a r a c t e r i s t i c  f o r  a sandy c l a y  loam. 
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Figure 5-14. Determination o f  bubbling pressure, P , and n from the 
e f f e c t i v e  saturation, Se, - pressure bead relationship.  



For a layered soil, S should usually be based on properties of the 
surface horizon. The valusvof K in the surface layer may be used for 
shallow initial water table deptgs, while K of underlying layers or average 
K values may be used when the water table ?s deeper. Consider a profile 
mgde up of 30 cm of the sandy clay loam of the above example (with Ks = 2 
cm/hr) over 170 cm of silty clay loam with K = 1 cm/hr. We need input data 
for DRAINMOD for a range of initial water tasle depths (IWTD). From above 
S = 22 cm.* For IWTD = 30 cm, K = 2 cm/hr. From Figure 5-13, 0 = 0.42 

s s 
a% 6 .  = 0.41 (corresponding to h = -30 cm). Then, M = 0.42 - 0.41 = 0.01, 

1 2 
A = 0.01 x 2 cm/hr x 22 cm = 0.44 cm /hr and B = K = 2.0. For IWTD = 120 
cm, 8 .  = .345 (Figure 5-13), M = .075, K = (30 x 5 + 90 x 4)/120 = 1.25 

s 
cm/hrlso B = 1.25 cm/hr and A = 1.25 x 0.075 x 22 = 2.06 cm /hr. For water 
table depths greater than 150 cm, a dry zone normally develops at the 
surface with an assum d 0 0.22. Then, M = 0.42 - 0.22 = 0.20, 3 = 1.25 
cm/hr and A = 5.28 cm5/hr!' ;sing these methods for other IWTD values, the 
input data for infiltration parameters could then be written as follows: 

IWTD (cm) 
2 

A(cm /hr) B cm/hr 

Methods for determining the Green-Ampt equation parameters may be 
ranked as follows: 

1. Determination from field infiltration measurements. 

2. Field measurement of S and K using methods such as those 
proposed by Bouwer (198). 

S 

3. Calculation of S from measured k (h) and h(0) data. 
av r 

4. Calculation of Sav using prediction equations for k and measured 
r 

h(0) data. That is, use of Equations 5-16, 5-17, 4-18, and 
others. Obtain K from field measurements or estimate from soil 
survey interpretafions. 

5. Estimate S based on soil texture from Table 5-5. Get K from 
av . s 

soil survey interpretations. 

* S = 22 cm was obtained from data for this specific soil and is used 
a 
rayher than the value for sandy clay loam in Table 5-5. If h(0) data 
were not available, S = 11.7 cm could have been estimated from Table 

av 
5-5. 



Trafficability Parameters 

Three parameters are used in DRAINMOD to determine if field conditions 
are suitable for tillage or harvesting operations. The parameters are: (1) 
minimum water free pore volume (air volume) (cm) required for trafficability, 
AMIN; (2) minimum precipitation (cm) required to stop field operations, 
ROUTA; and (3) minimum time after rain before field operations can begin 
(days), ROUTT. Two sets of the parameters are read in DRAINMOD: one set 
represents values required for tillage operations (seedbed preparation, 
etc.) in the spring and the other set is for harvesting conditions in the 
fall. Spring conditions are called working period 1 and the trafficability 
inputs are designated as AMIN1, ROUTA1, and ROUTTI, while AMIN2, etc., are 
used for working period 2 in the fall. Times that the working day begins 
and ends are also inputs to the model in order to determine fractional 
working days as discussed in Chapter 3. 

Trafficability parameters were approximated for several research sites 
in North Carolina by field observations during the spring period of seedbed 
preparation. Field conditions were monitored by experienced technicians in 
coordination with farmers and research station personnel. When the soil 
reached a condition that was just dry enough to plow and prepare seedbed, 
samples were taken at 10 and 20 cm depths and the water contents determined. 
Drainage volumes corresponding to the measured water contents were estimated 
from the soil water characteristics and drainage-volume water table depth 
relationship. For example, the volumetric water content for Goldsboro s.1. 
was 0.23 at the point that it was just dry enough to plow. This corresponds 
to a pressure head of -75 cm (Figure 5-1). A suction head of at least 75 cm 
at the surface would result from a 75 cm water table depth. This would give 
a water free pore volume (air volume) of 3.2 cm (Figure 5-4). Thus, AMINl = 
3.2 cm for Goldsboro s.1. soil. Trafficability parameters for the seedbed 
preparation perlod are given in Table 5-6 for eight North Carolina soils. 

Table 5-6. Trafficability parameters for plowing and seedbed preparation 
for some North Carolina soils. 

Water con- Corresponding 
tent in pressure head 
plow lay r* in plow layer ?&IN ROUTA ROUTT 

Soil 3 5 
(cm /cm ) (cm) (cm) (cm) (days) 

Cape Fear 1. 
Luinbee s.1. 
Coxville-Ogeechee 1. 
Goldsboro s.1. 
Rains s.1. 
Wagram 1.s. 
Bladen s.1. 
Portsmouth s.1. 

Water content in plow layer when soil is just dry enough for plowing 
and seedbed preparation. 



L The water contents given in Table 5-6 corresponded to pressure heads 
between -60 and -80 cm of water. For a 10 cm depth at the point of 
measurement, these pressure heads would result for water table depths 
between 70 and 90 cm from the surface. Grossman (1979)* measured the 
minimum water tension at which tillage operations could be initiated in the 
spring. He measured the tension at a 15 cm depth in a Sharpsburg (typic 
Argiudall, fine) in southeastern Nebraska and a Mexico (Udollic Ochraqualf, 
fine) in central Missouri. The tensions ranged from 40 to 170 cm with most 
below 100 cm of water. These results are consistent with those given in 
Table 5-6. Similar measurements are needed on many more soils throughout 
the humid region to provide a data base for predicting trafficability. In 
the absence of specific data, it is suggested that suitable conditions for 
seedbed preparation may be assumed when the soil tension at the 15 cm depth 
is at least 60 cm. This will occur for a profile drained to equilibrium to 
a water table 75 cm deep. Then, AMINl can be obtained directly from the 
drainage volume - water table depth relationship. 

The other trafficability parameters, ROUTA and ROUTT, can be selected 
by a technician or farmer who is familiar with the soil being analyzed. 
Assuming very dry initial conditions, ROUTA is the minimum amount of rain 
that would prohibit field operations because of wet or slick soil 
conditions. The air volume in the profile may be greater than AMIN at that 
time, but field operations would be limited because the surface soil is too 
wet. Then, ROUTT is the time (in days) required for the soil water at the 
surface to redistribute in the profile so that field operations can resume. 

i/ Crop Input Data 

Crop input data include the relationship between effective rooting 
depth and time and the dates to initiate and stop SEW and Dry Day 
computation. The main input is the effective rooting depth-time 
relationship which was discussed in some detail in Chapter 2 (pages 2-47 
through 2-52). Data of the type given in Figures 2-22 and 2-23 will not be 
available for most crops so the relationships will have to be approximated 
from other data. Depths of roots that extract soil water at the peak stage 
of growth are given for several crops and locations in Table 1-4 of the 
SCS-NEH, Section 15, Chapter 1. The depth of plant feeder roots for various 
crops is also given in the Sprinkler Irrigation Handbook published by Rain 
Bird Manufacturing Corporation and listed in Table 5-7. 

Because most of the water will be extracted near the surface, as 
discussed in Chapter 2, the maximum effective root depth used in DRAINMOD 
should be approximated as 50 to 60 percent of the depth given in Table 5-7 
or in Table 1-4 of the SCS-NEH. The maximum rooting depth depends on 
factors such as physical and chemical barriers to root growth, as well as 
soil water conditions. Values given in the tables may require modification 
because of the influence of such factors. 

Unpublished data obtained by personal communication from R. B. 
Grossman, Research Soil Scientist, SCS National Soil Survey Laboratory, 
Lincoln, Nebraska. 



Table 5-7. Plant feeder root depths* (from Sprinkler Irrigation Handbook, 
Rain Bird Manufacturing Corporation, Glendora, California). 

crop Root Depth Crop Root Depth 

Alfalfa 
Beans 
Beets 
Berries (Cane) 
Cabbage 
Carrots 
Corn 
Cotton 
Cucumbers 
Grain 
Grain, Sorghum 
Grapes 
Lettuce 
Melons 

3 to 6 feet 
2 feet 
2 to 3 feet 
3 feet 
1 1/2 to 2 feet 
1 1/2 to 2 feet 
2 1/2 feet 
4 feet 
1 1/2 to 2 feet 
2 to 2 1/2 feet 
2 1/2 feet 
3 to 6 feet 
1 foot 
2 1/2 to 3 feet 

Nuts 
Onions 
Orchard 
Pasture (Grasses only) 
Pasture (with Clover) 
Peanuts 
Peas 
Potatoes 
Soy Beans 
Strawberries 
Sweet Potatoes 
Tobacco 
Tomatoes 

3 to 6 feet 
1 1/2 feet 
3 to 5 feet 
1 1/2 feet 
2 feet 
1 1/2 feet 
2 1/2 feet 
2 feet 
2 feet 
1 to 1 1/2 feet 
3 feet 
2 1/2 feet 
1 to 2 feet 

* Majority of feeder roots. 

The change in the effective root depth with time can be estimated by 
Crop Growth Stage Coefficients (K ) given in the SCS Technics; Release No. 
21, "Irrigation Water ~equirement$." The K was introduced to account for 
the growth stage in predicting ET by the ~lzney- riddle method. Kc values 
are plotted as a function of percent of growing season for several crops in 
the SCS-TR 21. Because K indicates the rate that the crop can use water, 
it should also be proporttonal to the stage of development of the plant and 
root growth. Use of the K to estimate the change in effective root depth 
with time is demonstrated En the following example. Note that the Kc was 
not derived for this purpose. Further, the procedure has not been verlfied 
experimentally and should be viewed only as a method of obtaining a rough 
estimate of the root depth distribution with time. 

Example. Irish potatoes are to be planted on March 10 and harvested 
June 28 in eastern North Carolina. Estimate the root depth-time relation- 
ship during that period. From Table 5-7, the maximum depth of feeder roots 
for potatoes is 2 feet. Taking an effective depth of 50 percent of maximum 
gives 0.5 x 2 ft = 1 ft = 30 cm. We can estimate the root depth at any time 
during the growing season by assuming that it is linearly related to K as, 

C R = aK + b where R is root depth and a and b are coefficients. K values 
d c d 
for Irish potatoes are given as curve No. 18 in the SCS-TR 21. ~ss&ing 
that water may be removed from the surface 3 cm by evaporation when the soil 
is fallow implies an effective root depth of 3 cm at the beginning of the 
growing season when K = 0.33 (curve No. 18). The maximum effective root 

C 
depth of 30 crn would correspond to a maximum K of 1.37. Substituting 

C 



L these values in the above equation and solving for a and b gives R = 26 K 
d - 5.62. After 20 percent of the growing season (growing season length = 170 

days, so 20 percent = day 22), K = 0.51. Then, R = 7.6 cm 22 days after 
d 

planting. Repeating this procedgre for several times during the growing 
season gives the following values for root depth versus time: 

Table 5-8. Effective root depth versus days after planting for potatoes, as 
estimated from published crop growth stage coefficients. 

Percent of Days after 
Growlng Season Planting , Kc Root Depth 

0 percent 0 0.33 3 cm 
10 11 0.40 4.8 
2 0 22 0.51 7.6 
3 0 3 3 0.72 13.1 
4 0 44 0.96 19.3 
50 5 5 1.18 25.1 
60 66 1.31 28.4 
70 7 7 1.37 30.0 
8 0 88 1.36 30.0 
90 9 9 1.30 28.1 
100 110 1.22 26.1 

L/ 
Drainage System Parameters 

Sur:ace Drainage 

Most of the input data for drainage system parameters such as drain 
spacing and depth are easy to define. The depressional storage parameter 
used to quantify surface drainage is somewhat more difficult. Depressional 
storage has been measured under various field conditions in eastern North 
Carolina (Gayle and Skaggs, 1978). The following subjective guidelines are 
offered for estimating surface storage: 

Table 5-9. General guidelines for estimating field surface depressional 
storage. 

Field Surface Depressional 
Drainage Quality Field Description Storage 

Good Surface relatively smooth and on grade so 0.1 - 0.5 cm 
that water does not remain ponded in field 
after heavy rainfall. No potholes - 
adequate outlets. 

L Fair Some shallow depressions, water remains in 0.6 - 1.5 cm 
a few shallow pools after heavy rainfall. 
Micro-storage caused by disking or culti- 
vation may cause surface drainage to be only 
fair, even when field surface is on grade. 



Table 5-9. General guidelines for estimating field surface depressional 
storage. (continued) 

Field Surface Depressional 
Drainage Quality Field Description Storage 

Poor Many depressions or potholes of varying 1.6 - 2.5 cm 
depth. Widespread ponding of water after or greater 
heavy rainfall or inadequate surface outlets, 
such as benns around field ditches or very 
rough surface, such as directly aft= plowing. 

Effective Drain Radius 

The effective drain radius, r , is used in Equation 2-13 to calculate 
the equivalent depth from the draia tube to the impermeable layer. The 
effective radius is considerably smaller than the actual drain tube radius " * ' 

to account for the resistance to inflow due to a finite number of openings 
in an otherwise impervious wall, as discussed in Chapter 2. The defermina- *.. 

tion of r is based on research by Bravo and Schwab (1977). They used an 
electric Snalog to determine the effect of openings on radial flow t b  

a 

corrugated drain tubes. Envelopes increase the effective size of the drain 
7 .  

. - 
by allowing free movement of water to the drain openings. When gravel 
envelopes are placed around the drain in a cylindrical shape, the effective 

~ ~ 

radius may be taken as the outside radius of the envelope. For a more 
commonly used square envelope cross-section of length 2a on each side, r 

e can be approximated from the results of Kirkham and Selin (1973) as r = 
e 1.77a. Fabric wrap envelopes tend to prevent drain tube corrugations from 

filling with soil and therefore increase the effective radius to some 
degree. However, the effective radius with a fabric wrap material would 
still be less than the actual tube radius. The effective radii of some 
conventional drain tubes are given in Table 5-10. These values were 
approximated from Bravo and Schwabs (1977) work and from related work by 
Skaggs (1978a). Research is continuing in this subject and the values given 
in Table 5-10 are subject to revision. 

Table 5-10. Effective radii for various size drain tubes. 

Diameter r 

3-in corrugated* 89 mm 3.5 mm 
4-in corrugated* 114 5.1 
5-in corrugated* 140 10.3 
6-in corrugated* 165 14.7 
4-in clay - 1/16 in crack between joints 127 3.0 
4-in clay - 1/8 in crack between joints 127 4.8 
Drain tube surrounded by gravel envelope 2a 1.177a 
with square cross-section of length 2a 
on each side 

Based on 5 rows of slots with total opening amount to 1.5 to 2 percent 
of the wall area. 



CHAPTER 6 

APPLICATION OF DRAINMOD - EXAMPLES 

The purpose of this chapter is to present examples of the use of 
DRAINMOD for designing and evaluating water management systems. Four sets 
of examples will be considered. First, alternative designs of a combination 
surface-subsurface drainage system are analyzed for four soils at three 
locations. The results are presented such that the least expensive 
alternative can be selected for each case. The use of a drainage system for 
controlled drainage or subirrigation is considered in the second example 
set. In the third example, DRAINMOD is used to determine the amount of 
waste water that can be applied to a disposal site that has surface and 
subsurface drainage. The storage capacity required to hold waste water 
which cannot be applied during the wet season of the year until the summer 
months when it can be irrigated is also determined. Finally, the model is 
used to show the effects of root depth on the occurrence and frequency of 
drought stress on crops in North Carolina. The purpose of this example is 
to demonstrate the potential effects of removing physical and chemical 
barriers to root growth on water availability to plants and the frequency of 
drought stress. 

Example Set 1 - Combination surface-subsurface drainage systems 

b Combination surface-subsurface drainage systems are analyzed for four 
soils at three locations: Wilmington, North Carolina, Columbus, Ohio, and 
Jacksonville, Florida. The results in this example were presented as an 
ASAE paper (Skaggs, 1978~). The soils used at all locations are North 
Carolina soils and may not be typical of soils at Columbus or Jacksonville. 
The analyses for these locations show the affects of changes in climate and 
planting dates on the drainage system design needs. 

Soils - 
Four soils were chose for analysis in this example: Bladen loam, 

Lumbee sandy loam, Rains sandy loam, and Wagram loamy sand. The soil 
properties were determined in a study to test the validity of the model 
(Skaggs, 1978b). Methods for determining the properties and the soils are 
discussed in more detail in Chapter 10. All soils are assumed to have 
relatively flat surfaces with poor drainage in their natural states. The 
Bladen and Wagram soils have relatively uniform profiles while Lumbee and 
Rains have layered profiles. As noted in Chapter 4, the Wagram soil is 
normally well drained in its natural state and does not require artificial 
drainage. However, the loamy sand considered here has a nearly level 
surface and is underlain by a heavy subsoil that may be assumed impermeable 
so artificial drainage is needed. Downward water movement in all soils is 
restricted by an impermeable layer at a uniform depth; the depth of the 
layer is soil dependent and is within 3 m of the surface for the soils 
considered herein. Soil properties used as inputs in DRAINMOD are tabulated 
in Table 6-1. The soil water characteristic and the relationship between 
water table depth and upward water movement are given in Table 10-5 and 
Figures 5-4 and 5-6, respectively. The relationship given in Figure 5-4 for 
Portsmouth s.1. was used for the Bladen soil. 



Table 6-1. Summary o f  i npu t  s o i l  property data used i n  examples i n  t h i s  chapter. 

S o i l  Bl aden 1. Lumbee s. I. Rains 5.1. Wagram 1.s. Portsmouth s. 1. 

Depth t o  r e s t r i c t i n g  laye r  ( m )  3.0 1.7 1.4 1.8 2.0 

Saturated hyd rau l i c  conduc t i v i t y  
l aye r  depth (m) uni form 0 - 1.0 1.0 - 1.5 0 - 1.1 1.1 - 1.4 uniform uni form 

K (mm/hr) 10 10 30 43 10 60 30 

3 3 
Saturated water content (cm /cm ) 0.41 0.34 0.37 0.30 0.40 

Water content a t  lower li i t  9 3 
ava i l ab le  t o  p lan ts  (cm /cm ) 0.15 0.12 

Minimum water-free pore space 
fo r  t i l l a g e  (sp r ing )  (mm) 30 

Minimum d a i l y  r a i n  t o  stop f i e l d  
operat ions (spr ing)  (mm) 10 

Minimum t ime a f t e r  r a i n  before 
i t  i s  poss ib le  t o  r e s t a r t  
t i l l a g e  (sp r ing )  (days) 2 



It was assumed that corn was to be grown on a continuous basis in all 
simulations conducted. The growing season was assumed to be 120 days in 
duration with the planting and harvesting dates dependent on location as 
shown in Table 6-2. Although the depth and distribution of plant roots 
depend on many factors including soil type, water content, fertility, 
physical and chemical barriers in the soil, and others, the effective root 
zone depth is assumed here to depend only on time after planting. The root 
distribution given by the 60 percent curve in Figure 2-22 (with a minor 
correction so that the minimum root depth was 3 cm to account for the thin 
surface layer that can be dried by evaporation) was used for all soils and 
locations. 

Drainage System Parameters 

Three field surface drainage intensities corresponding to the average 
surface storage depths o 2.5, 12.5, and 25 mm were considered in the 
simulations. This range is consistent with the results of field studies of 
surface storages on fields with and without improved surface drainage in 
eastern North Carolina. The subsurface drainage component was provided by 
parallel 102 mm ( 4  inch) drain tubes placed at a range of depths and 
spacings as given in Table 6-3. Convergence near the drains was accounted 
for by defining an equivalent depth as discussed in Chapter 2. An effective 
drain tube radius of 5.1 mm (0.51 cm) was used in calculating d . 

e Simulations were conducted for four drain depths and five spacings for each 
soil at each location, as indicated in Table 6-3. Table 6-3 gives the 
values of drain depths, spacings, surface drainage, soils, and locations 
used in the simulations. Simulations were conducted for all combinations of 
these variables. 

Table 6-2. Planting and harvesting dates for corn that were used in the 
simulations for three locations. 

Jacksonville, Wilmington, Columbus, 
Florida North Carolina Ohio 

-- 

Planting date March 3 April 15 May 5 

Harvesting date July 3 August 15 September 5 

Seedbed preparation February 1 - March 15 - April 15 - 
period March 2 April 15 May 5 



Table 6-3. Range of drainage system parameters, soils, and locations for 
which simulations were conducted. 

Drain depths (m) 

Drain spacing 

Wagram (m) 
Bladen (m) 
Lumbee and Rains (m) 

Surface depression 
storage (mm) 

Soils 

Locations 

Bladen 1, Lumbee s.l., Rains s.l., Wagram 1.s. 

Columbus, OH; Wilmington, NC; Jacksonville, FL 

* The greatest drain depth for the Rains soil was the depth of the 
restrictive layer, 1.4 m, rather than the 1.5 m used for the other 
soils. 

Climatological input data consisted of hourly precipitation records and 
maximum and minimum daily temperatures. These data were obtained from 

3 
storage in HISARS (Wiser, 1975) for Wilmington, North Carolina, for the 
26-year period, 1950-1975. Data from Jacksonville, Florida, and Columbus, 
Ohio, were obtained from the National Climatic Center, Asheville, North 
Carolina, and stored in HISARS format for automatic retrieval by DRAINMOD. 
Simulations for Jacksonville and Columbus were conducted for 25 years of 
record (1949 to 1973). 

Results - Alternative Drainage System Designs 
Results of the simulations were analyzed to identify alternatives of 

surface and subsurface systems that would satisfy trafficability and crop 
protection requirements. 

Trafficability 

The effect of drain spacing on the number of working days during the 
1-month period (March 15 - April 15) prior to planting is shown in Figure 
6-1 for two soils at Wilmington, North Carolina. Relationships are plotted 
on a 5-year recurrence interval (5 YRI) basis for both good (s = 2.5 mm) and 
poor (s = 25 mm) surface drainage. The results show that trafficability is 
strongly dependent on the drain spacing. The effect of surface drainage on 
the number of working days during the seedbed preparation period depends on 
the soil and the drain spacing. For example, a drain spacing of 21 m on the 
Lumbee soil would give 10 working days on a 5 YRI basis for poor surface 
drainage as compared to 13 working days for good surface drainage (Figure 
6-1). On the other hand, improving the field surface drainage for the 
Wagram soil with a 40 m drain spacing would only increase the working days 
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Figure 6-1. Working days on Lumbee sandy loam and Wagram loamy sand during 
the month prior to corn planting at Wilmington, North Carolina, 
as a function of drain spacing for good (s = 2.5 nun) and poor 
(S = 25 mml surface drainage. 

from 10 to 11 on a 5 YRI basis. In general, the effect of field surface 
drainage on trafficability will be larger for the tighter soils with close 
drain spacings than for soils that require less intensive subsurface drainage. 
However, the results plotted in Figure 6-1 show clearly that the quality of 
surface drainage has only a small effect of the drain spacing required to 
insure a given number of working days during the seedbed preparation period. 
In the above example, the 21 m spacing required to provide 10 working days 
with poor surface drainage on Lumbee could only be increased to 23 m for 
good surface drainage. Similar results for the effect of field surface 
drainage were observed for all soils at all locations. In order for 
trafficable conditions to exist, there must be a minimum air volume 
(water-free pore space) in the profile. Because seedbed preparation follows 
the winter period when water tables are often high, trafficable conditions 



depend on the rate that water can be removed from the profile. ET is 
relatively low during this period so the major pathway for water removal is 

d 
subsurface drainage. Surface drainage is only effective in removing water 
from the surface before it can infiltrate into the profile and in reducing 
the water stored on the surface after rainfall ceases. Land forming and 
smoothing to provide good surface drainage does not remove water from the 
soil profile; it only affects the amount of water that must be removed from 
the soil surface before water table drawdown can begin. Thus, trafficability 
has a strong dependence on subsurface drainage and only a weak dependence on 
surface drainage on these soils. 

Subsurface drainage for a given soil depends primarily on the depth and 
spacing of drains. Working days for the Lumbee soil at Wilmington, North 
Carolina, are plotted versus drain spacing for several drain depths in 
Figure 6-2. These results show that the drain spacing can be considerably 
increased by increasing the depth. For example, the 23 m spacing required 
at a 1.0 m depth to give 10 working days (5 YRI basis) could be increased by 
30 percent to 30 m by increasing the depth to 1.25 m. A depth of 1.5 m 
would allow a 34 m spacing (48 percent increase) for the same number of 
working days. These results indicate that the drains should be placed as 
deep as possible so as to increase spacings and decrease costs. However, 
the drain depth may be limited by the depth of restricting layers or the 
elevation of the drainage outlet. For the Lumbee soil, a layer of higher K 
exists below a 1 m depth. However, in many soils, the conductivity 
decreases with depth so there is less advantage of increasing the drain 
depth. Another factor that may be important for some soils is the 
possibility of excess drainage when very deep drains are used. Results of 

LUMBEE SANDY LOAM 
WILMINGTON. N.C. 

5 YEAR RECURRENCE INT. 

DRAIN SPACING, m 

Figure 6-2. Working days versus drain spacing for four drain depths on a 
Lumbee sandy loam soil with good surface drainage at 
Wilmington, North Carolina. 



the simulations showed that excess drainage was not a problem with the 
Lumbee soil as the number of drought days were only increased from 34 to 37 
(again on a 5 YRI basis) by increasing the drain depth 0.75 to 1.5 m. 
However, this will not always be the case and the possibility of excessive 
drainage should be considered when deep drains are proposed. 

Relationships between the number of working days and drain spacings are 
plotted in Figure 6-3 for Wagram and Bladen soils at all three locations. 
The relationships for the three locations were surprisingly close for all 
soils, as indicated by the results given in Figure 6-3. The drain spacings 
required to provide 10 working days were less than 2 m different among the 
three locations for both Bladen and Wagram soils. It is important to recall 
that the planting dates are different for each location so that working days 
are determined for the period February 1 to March 2 for Jacksonville compared 
to April 5 to May 5 for Columbus. If the planting dates were the same, 
there would be considerable difference in the working day relationships 
between locations, as shown by the dotted curve in Figure 6-3, which was 
obtained for the Jacksonville location using the planting date and growing 
season from Columbus. 

Working day - drain spacing relationships for all four soils are 
plotted in Figure 6-4 for the Columbus, Ohio location. Similar 
relationships for the Lumbee and Wagram soils at Wilmington, North Carolina, 
are plotted in Figure 6-5 for recurrence intervals of 5, 10, and 25 years. 

i An interesting point here is the relatively small differences in drain 
spacing among the three recurrence intervals. Taking 10 working days on the 
Lumbee soil, as an example, a drain spacing of 23 m would be required for 
design on a 5 YRI basis while the 25 YRI basis would require an 18 m 
spacing. 

The results presented in Figures 6-1 through 6-5 show that traffica- 
bility during the seedbed preparation period is heavily dependent on the 
factors controlling the rate of subsurface drainage: drain spacing, depth, 
and soil properties. While surface drainage may have a significant effect 
on the number of working days for a given soil and drain spacing, it has a 
relatively small effect on the subsurface drainage intensity required to 
iqsure a given number of working days on a 5 year recurrence interval basis. 
Location had a relatively small effect for the cases considered. It is 
clear, however, that, in general, drainage requirements for trafficability 
depend heavily on the local climate, planting date (Figure 6-3), and the 
level of protection desired (Figure 6-5). 

The effect of drain spacing and surface drainage on SEW-30 is shown in 
Figure 6-6 for Lumbee and Wagram soils. The quality of surface drainage has 
a much greater effect on SEW-30 than on trafficability as can be seen by 
comparing Figures 6-1 and 6-6. The results given in Figure 6-6 show three 
combinations of surface and subsurface drainage that will provide a given 
level of SEW-30 on a 5 YRI basis. Consider the Lumbee soil, for example. A 
SEW-30 value of 100 cm days can be obtained with drain spacings of 23, 16, 
or 12 m for surface drainage corresponding to clepressional storage values of 
s = 2.5, 12.5, or 25 mrn, respectively. All of these combinations would 
provide 10 or more working days for seedbed preparation (Figure 6-11, so the 
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Figure 6-3. Working days during the  1-month period p r i o r  t o  p lant ing versus 
dra in  spacing f o r  two s o i l s  a t  a l l  th ree  locations.  The dotted 
curve (...) is the  re la t ionship  obtained f o r  Jacksonvil le ,  when 
plant ing da tes  and growing season from Columbus, Ohio, a r e  
used. 

C COLUMBUS, OH 10 
Y) 

3 2 5 YEAR RECURRENCE INTERVAL 
t 2 28  S * 2.5mm 

241 y--, DRAIN DEPTH * 1.0 rn 
d -- \ 

\ E 20 \ i \ - LUMBEE S.L. 
4: \ -- RAINS S.L. 

\ ,,, BLADEN L. 
\ --- WAGRAM L S .  I 

DRAlN SPACING, m 

Figure 6-4. Working days versus drain spacing f o r  a l l  four s o i l s  a t  
Columbus, Ohio. 
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Figure 6-5. Working days versus drain spacing for recurrence intervals of 
5, 10, and 25 years on Lumbee and Wagram soils at Wilmington, 
North Carolina. 
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least cost system could be selected. If a different number of working days 
or SEW-30 values are required, the appropriate combinations of surface and 
subsurface drainage can be selected from Figures 6-1 and 6-6. 
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The results for the Lumbee soil demonstrate the utility of using 
DRAINMOD to evaluate alternative designs of combination surface-subsurface 
drainage systems. The required number of working days and drainage 
protection for crop growth as indicated by SEW-30 values can be provided 
with a drain spacing of 12 m and poor surface drainage (s = 25 nun) or with a 
spacing of 23 m and good surface drainage (s = 2.5 mm) .  Both systems will 
do the required job so the farmer can choose the alternative that requires 
the least investment, although other factors such as maintenance costs and 
compatibility with the farming operation must also be considered. Another 
parameter that must be considered is drain depth (Figure 6-71. By placing 
the drains at a depth of 1.5 m rather than 1.0 m, the spacing could be 
increased from 23 m to 30 m for good surface drainage (s = 2.5 nun). This 
alternative would also be satisfactory from the trafficability aspect as it 
would result in 14 working days on a 5 YRI basis (Figure 6-2). Again, it is 
emphasized that the drain depth may be limited by other factors such as 

i 
restrictive layers and the depth of the drainage outlet. Of course, 
possible increased costs of placing drains at a deeper depth must also be 
considered. 
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Figure 6-6. SEW-30 versus d ra in  spacing f o r  3 l e v e l s  of surface  drainage on 
Lumbee and Wajram soils at Wilminqton, North Carolina. 



0.75 
LUMBEE SANDY LOAM 

I 
' WILMINGTON, N.C. 

DRAIN SPACING, m 

Figure 6-7. The effect of drain spacing and depth on SEW-30 values for a 
Lumbee soil at Wilmington, North Carolina. Relationships are 
given for both good (s = 2.5 mm) and poor (s = 25 mm) surface 
drainage. 

Relationships between SEW-30 and drain spacing are plotted in Figure 
6-8 for all four soils at Columbus, Ohio. Drain spacings required for a 
given SEW-30 value were somewhat greater at Columbus than at Wilmington or 
Jacksonville [Figure 6-9). This was true for all four soils and simply 
results from the fact that the precipitation is greater at Jacksonville and 
Wilmington than at Columbus. The average precipitation during the 4-month 
growing season was 440 mm at Jacksonville, 410 mm at Wilmington, and 370 mm 
at Columbus. 
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Figure 6-8. The effect of drain spacing on SEW-30 values for good surface 
drainage on four soils at Columbus, Ohio. 
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Figure 6-9. SEW-30 versus drain spacing for Lumbee and Wagram soils at all 
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Example Set 2 - Subirrigation and Controlled Drainage 

The soils considered in Example 1 are relatively flat so water table 
control via subirrigation or controlled drainage should be considered. 
Outlet conditions for drainage, controlled drainage and subirrigation are 
shown schematically in Figure 6-10. When subirrigation is used, a weir is 
placed in the drainage outlet and water is pumped into the outlet as 
required to maintain a constant water level. For controlled drainage a weir 

DRAINAGE 

CONTROLLED DRAINAGE 

DRAINAGE - SUBIRRIG ATlON PUMP 

Figure 6-10. Schematic of three possible modes of operation for a subsurface 
drainage system. 



is also placed in the drainage outlet, but no water is pumped in. This 
reduces the drainage rate and allows plant use of some runoff and drainaqe 
water that would be lost from the system under conventional drainaqe 
practices. In the analysis of controlled drainage systems, it is assumed 
that water in the outlet comes only from the field being drained and not an 
upstream source. Therefore, controlled drainage is not expected to provide 
assistance during dry years when drainage water is not available. 

Simulations were conducted for subirrigation and controlled drainage on 
the Bladen and Wagram soils analyzed above for drainage and on a Portsmouth 
sandy loam. The input soil properties for Portsmouth are given in Tables 
6-1 and 10-5 and Figures 5-4 and 5-6. Analyses were conducted for only the 
North Carolina site with the crop being continuous corn as discussed above. 
A drain depth of 1.0 m was used for all soils. Additional simulations were 
made for a drain depth of 1.5 m on the Portsmouth soil. 

Results - Subirrigation and Controlled Drainage 

The effect of drainage, controlled drainage. and subirrigation on the 
number of dry days during the growing season is shown in Figure 6-11 for the 
Wagram loamy sand. The relationship plotted for drainage shows clearly that 
drainage systems should not be over designed. For example, a drain spacing 
of 40 m would give, on the average, 35 or more dry days in one year out of 
five. Closer spacings, which are not required for trafficability (Figure 
6-1) nor for crop protection (Figure 6-61 could increase the number of dry 
days and have detrimental effects on crop growth.* Recall that a dry day 
does not mean that there is no water available to growing plants, but that 
ET is limited by soil water conditions. The relationships plotted in Figure 
6-11 were derived for good surface drainaqe (s = 0.25 cm). Surface drainage 
had little effect on the number of dry days and similar relationships were 
obtained for the other surface drainage treatments. 

When subirrigation is used, water is pumped into the drainaqe outlet 
such that the water level is held constant at a depth of 60 cm below the 
soil surface during the growing season. The water table depth directly over 
the drain tubes during subirrigation will be approximately equal to that in 
the drainage outlet, but will increase with distance away from the drain 
during dry.periods because of ET (Fox, et al, 1956). The 60 cm depth was 
chosen so that the water table would not be too close to the surface 
directly over the drain tubes. Williamson and Kirz (1970) reported that a 
60 cm steady water table depth caused a 15 percent reduction in yield from 
the optimum depth of 76 cm for a loam soil. Yield reduction for the area 
directly over the drains is expected to be less for the lighter Wagram loamy 
sand. Results plotted in Figure 6-11 for subirrigation show that a drain 

Note that it was assumed that the effective root depth depends on time 
alone, although it clearly is also dependent on soil water conditions 
during the growing season. Thus, good drainage, early in the season, 
may allow a better developed, deeper root system, which may counteract 
the over drainage effects shown in Figure 6-11. 



spacing of 30 m or less will provide sufficient water table control to allow 
only 3 dry days on a 5 YRI basis. For spacings between 30 and 60 m, the 
number of dry days increases to 16. Further examination of the results of 
simulations show that, for L = 30 m, the three dry days occurred immediately 
after planting when rooting depths were negligible and subirrigation had 
just been initiated. Under these conditions, three dry days appeared to be 
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acceptable and a drain spacing of 30 m sufficient for subirrigation on the 
loamy sand. These results are subject to the assumption that the water 
level is held constant in the drains at the 60 cm depth. This level may 
fall due to equipment failure or operator error. Therefore, the time 
required to raise the water table back to its steady state position may be 
critical and should be checked using the procedures given in Chapter 8. 
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One of the major concerns in using subirrigation in humid regions is 
that a high water table reduces storage available for infiltrating rainfal 
and may result in frequent conditions of excessive soil water. The effect 
of subirrigation on SEW-30 values is shown in Figure 6-12. These results 
show the im~ortance of sood surface drainase if subirriaation is to be use 
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A 30 m drain spacing gives a SEW-30 value of 210 cm days for poor surface 
drainage ( s  = 25 nun). Additional simulations showed that a SEW-30 value of 
less than 100 cm days can be obtained with only moderate surface drainage Is 
= 7.5 mm). When a 30 m spacing is used with good surface drainage (s = 2.5 
mm), the 5 YRI SEW-30 value exceeded 100 cm days only once, in 20 years, and 
that value was only 114 cm days. 
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Figure 6-11. Dry days, during the growing season, as a functlon of drain 

spacing for three water management methods on Wagram soil. 
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Figure 6-12. SEW-30, as a function of drain spacing for conventional 
drainage, subirrigation, and controlled drainage on Wagram 
soil. Results are plotted for two levels of surface drainage. 

The results presented for Wagram loamy sand indicate that, if 
subirrigation is used, a drain spacing of 30 m with good surface drainage 
will satisfy both drainage and irrigation requirements. If subirrigation is 
not used, a drain spacing of 40 m will satisfy drainage requirements for 
both trafficability and plant growth, regardless of surface drainage. 
However, unless irrigation water is applied through other means, we can 
expect at least 35 dry days during the growing season on an average 
frequency of once every 5 years. The number of dry days can be reduced 
somewhat by using controlled drainage. Simulations were conducted for 
controlled drainage by assuming a weir is placed in the drainage outlet at a 
depth of 60 cm below the soil surface. From Figure 6-11, we see that this 
practice reduced the number of dry days on a 5 YRI basis by only 4, from 35 
to 31. Obviously, this provides very little assistance for dry years and 
cannot replace an irrigation system. However, for wetter years, controlled 
drainage did provide some assistance. For example, a 40 m drain spacing 
gave fewer than 10 dry days in a growing season in 16 of 20 years of 
simulation when controlled drainage was used, versus only 7 of the 20 years 
when it was not used. When good surface drainage is provided, controlled 
drainage will not cause a problem with inadequate drainage during wet years, 

J 
as shown in Figure 6-12. 



The effect of the various water management alternatives on the number 
of dry days is plotted in Figure 6-13 for the Bladen soil. The relation- 
ships given in Figure 6-13 were obtained for good surface drainage, s = 2.5 
mm, but the quality of surface drainage had little effect on the number of 
dry days. Subsurface drainage had only a small effect on number of dry 
days, as shown by the fact that the number of dry days decreased from 50 to 
only 40 when the drain spacing is increased from 7 . 5  to 60 m. The number of 
dry days during the growing season for drainage seems high, even on the 
basis of a 5 YRI. This may be due to assuming a root zone depth which is 
too shallow. Spot checks using a 7 5 ,  rather than 60 percent curve in Figure 
2-22 for the root zone depth, showed a reduction in the number of dry days 
for a 30 m spacing to about 30. 

The relatively high number of dry days is consistent with the reputa- 
tion that Bladen soils have for being droughty. This is caused by the low 
hydraulic conductivity which decreases rapidly with water content for 
unsaturated conditions so that the rate of upward water movement from wetter 
regions is slow (Figure 5-6). Thus, plants must obtain their water from a 
relatively shallow zone which extends only a small distance below the root 
zone. These soils have severe water shortages during dry years, as 
indicated by Figure 6-13 and it is not uncommon to experience large 
reductions in yield every three or four years, if irrigation is not used. 

The relationship given for subirrigation if Figure 6-13 was obtained 

L 
for a water level in the drainage outlet of 60 cm below the surface. In 
order to use subirrigation on this soil, the drains would have to be spaced 
about 5  m apart to provide (on a 5 YRI basis), less than 10 dry days during 
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Figure 6-13. Dry days, during the growing season, for three water 
management methods on Bladen soil. 



the growing season. Furthermore, it would be necessary to have good surface 
drainage in order to insure that the soil is adequately drained during wet 

d 
periods (Figure 6-14). Such close drain spacings are not economically 
feasible and other methods of applying irrigation water should be used on 
this soil. For example, a drain spacing of 5 m rather than the 20 m 
necessary to meet trafficability (Figure 6-3) and crop requirements for 
conventional drainage would require 2,000 m/ha of tubing, as compared to 500 
m/ha for conventional drainage. At an assumed cost of $2.50/m (installed), 
the tubing cost alone would be $5,00O/ha ($2,00O/ac) for subirrigation 
versus $1,25O/ha ($500/ac) for conventional drainage. One possibility of 
increasing the drain spacing for subirrigation is to hold the water level in 
the drainage outlet closer to the surface. A water table depth at the drain 
of 40, rather than 60 cm was tried, but could not be used because of high 
SEW-30 values during wet years. In order to meet both subirrigation and 
drainage requirements, it was still necessary to have drain spacings of 
about 5-7 m. 
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Figure 6-14. SEW-30, as a function of drain spacing for conventional 
drainage, subirrigation, and controlled drainage on Bladen 
soil. Results are plotted for two levels of surface drainage. 



Controlled drainage is not attractive for this soil either. Use of 
controlled drainage reduced the number of dry days by only 2 on a 5 YRI 
basis (Figure 6-13). Thus, neither subirrigation nor controlled drainage 
appear feasible for the Bladen soil. 

The above examples considered a soil (Wagram) with a relatively high K 
where subirrigation is feasible and a tight soil (Bladen) where subirrigation 
is impractical. A third soil, Portsmouth sandy loam with intermediate 
conductivity of K = 3 cm/hr, is analyzed in the following example. This 
same soil is also used in examples in Chapter 8 to demonstrate methods for 
predicting the time necessary to raise the water table at the beginning of 
the subirrigation process. The position of the water table during subirri- 
gation with steady state ET conditions is also considered in Chapter 8. 

A subirrigation system is to be designed for a Portsmouth sandy loam 
soil located near Wilson, North Carolina. Corn is to be grown on a 
continuous basis. The soil is flat, but good surface drainage can be 
provided by filling potholes in the field and smoothing the surface. Some 
of the soil properties and site parameters are given in Table 6-1. The soil 
water characteristic is given in Table 10-5 and the drainage volume and 
upward flux relationships in Figures 5-4 and 5-6, respectively. Example 
calculations in Chapter 8 showed that a steady ET rate of 0.5 cm/day could be 
supplied by either of the following combinations of drain spacing and drain 
water elevations: 

1. L = 25 m with water level at drain = 30 cm deep 

2 .  L = 17 m with water level at drain = 50 cm deep 
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Figure 6-15. Working days on a Portsmouth s.1.. as affected by drain 

spacing and depth and by surface drainage. Results are 
plotted for a 5 year recurrence interval. 



Both combinations assumed a constant midpoint water table depth of 76 
cm. With the 17 m drain spacing, the water table could be raised to a 
subirrigation position in 2.3 days (c.f. example in Chapter 81, but an 
excessive length of time (10 days) was required for the 25 m spacing. 
Therefore, a drain spacing of about 17 m is expected to do the job so far as 
meeting the irrigation requirement. DRAINMOD was used to determine if both 
irrigation and drainage requirements can be met by thls on other alternative 
system designs. 

Simulations were conducted for two drain depths (100 and 150 cm) at 
drain spacings of 7.5, 15, 22.5, 30, and 45 m. After planting (about April 
151, the water level was raised in the drain to within 30 cm of the surface 
where it was held for the growing season. Simulations were also conducted 
for the drain water level 50 cm from the surface duri,ng the growing season. 

Working days during the month prior to planting (March 15 to April 15), 
are plotted versus drain spacing in Figure 6-15. These relationships would 
be the same whether the system is used for subirrigation or for conventional 
drainage. Based on these results, 10 working days could be provided on a 5 
Y R I  with a drain spacing of 32 m for a depth of 100 cm or a spacing OF 45 m 
for a 150 cm drain depth. As in previous examples, surface drainage had a 
small effect on working days. SEW-30 for drainage without subirrigation is 
plotted in Figure 6-16. These results show that a threshold value of 100 cm 
days on a 5 Y R I  basis can be maintained with a spacing of about 35 m if the 
surface drainage is gnod (s = 2.5 nun). For poor surface drainage (s = 20 
m) drain spacings of 17 and 22 m would be required for depths of 100 and 
150 cm, respectively. 

Figure 6-16. SEW-30, as a function of drain spacing for two surface 
drainage treatments and two drain depths on Portsmouth s.1. 
The system is used for conventional drainage without 
subirrigation, in this case. 
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The number of dry days on a 5 YRI basis are plotted in Figure 6-17. 
For conventional drainage, about 40 to 50 dry days can be expected in one 
year out of five. When subirrigation is used, the number of dry days 
depends on the drain spacing and the depth that water is held in the drains 
(weir depth). For a drain spacing of 15 m, about 4 dry days (5 YRI) would 
result for a weir depth of 30 cm and 10 dry days for a weir depth of 50 cm. 
However, a 30 cm weir depth and L = 15 m would result in SEW-30 values in 
excess of 300 ( 5  YRI) during the growing season (Figure 6-18). A 50 cm weir 
depth would have 5 YRI SEW-30 values of about 140 cm days for good surface 
drainage. There is no advantage in placing the drains at a depth of 150, 
rather than 100 cm, if subirrigation is used. At a spacing of 15 m, the 100 
cm drain depth is sufficient to provide trafficable conditions for seedbed 
preparation (Figure 6-15), as well as protection for crop growth (Figures 
6-16 and 6-18). Close inspection of the simulation for subirrigation with L 
= 15 m showed that most of the 10 dry days occurred during start-up 
immediately after planting, as observed earlier for the Wagram soil. This 
number can be reduced to 4 or 5 days by raising the weir to within 30 cm of 
the surface during start-up and then lowering to a 50 cm depth for the 
remainder of the growing season. 

A summary of results for the Portsmouth soil shows that drainage and 
irrigation requirements could be provided with the alternatives given in 
Table 6-4. It is interesting that the factor limiting the drain spacing for 
a combination drainage-subirrigation system on this soil is the drainage 
requirement. For example, the irrigation requirement could be satisfied 

L/ with a drain spacing of 25 m and a weir 'depth of 30 cm (Figure 6-17). 
However, this would give an unacceptable SEW-30 value of 450 cm days (Figure 
6-18). 
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Figure 6-17. Dry days, as affected by drain spacinq for conventional 

drainage and for subirrigation with weir depths during the 
growing season of 30 and 50 cm. Drain depths of both 100 and 
150 cm are considered. 
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Figure 6-18. Effect of drain spacing on' SEW-30 during the growing season 
for subirrigation with weir depths of 30 and 50 cm. 

Table 6-4. Drain spacings required to meet drainage* and irrigation** 
requirements for a Portsmouth sandy loam near Wilson, North 
Carolina. 

Drain Depth 
Surface Drainage 

~ o o d  (S = 2.5 mm) Poor (s = 20 mm) 

100 cm 
150 cm 

Weir Depth 
30 cm 
50 cm 

DRAINAGE ALONE 
34 m 17 m 
36 m 21 m 

DRAINAGE AND SUBIRRIGATION 
05 m 05 m 
15 m 7 m 

* The drainage requirement is assumed to be at least 10 working days 
during the month prior to planting and SEW-30 values less than 100 
cm days. 

** The irrigation requirement is assumed to be 10 or fewer dry days during 
d 

the growing season. 



Example Set 3 - Waste Water Application on Drained Lands 
Land application of agricultural, municipal, processing, or industrial 

waste water, with appropriate pretreatment, is an economically and 
technically feasible alternative to conventional waste disposal methods for 
many situations. A major step in designing a land application system is 
determining the permissible loading rate for a given site. In some cases, 
the loading rate is limited by the pollutants in the waste water. In 
others, the application rate is limited hydraulically by drainage conditions 
of the site. In the latter cases, it may be feasible to provide subsurface 
drainage to increase the amount of waste water that can be applied to a 
given site and reduce the land area required. Since the costs of land and 
irrigation systems to apply waste water are relatively high, increasing the 
application rate by the use of artificial drainage could significantly lower 
the costs of a land disposal system. 

In this example, we consider waste water application to the Wagram 
loamy sand discussed in example sets 1 and 2 above. The hypothetical site 
is located near Wilson, North Carolina. Fescue is grown year around and 
waste water from a processing plant pretreatment lagoon is to be applied 
(sprinkler irrigation) onto the surface. Consideration of the nutrient 
levels in the water limit the application rate to 25 mm/week in this 
example. The water may be applied at any irrigation frequency, but the 
average must not exceed 25 mm/week. Higher loading rates of 50 mm/week and 
100 mm/week will be considered in another example. As discussed in example 
set 1, the soil surface is flat and a restrictive layer exists at a depth of 

. 1.8 m so that drainage under natural conditions is slow. Outlet conditions 
limit the depth of the drain tube to 1.25 m, which is considered deep enough 
to prevent short-circuiting of the waste water directly into the drain. 

The objective in this example is to determine the effect of surface and 
subsurface drainage on the amount of water that can be applied without 
causing surface runoff. The effect of application frequency (e.g. one 
irrigation per week of 25 mm versus one application of 50 mm every 2 weeks), 
on the total permissible annual application will also be considered. 
Simulations were conducted for good surface drainage, s = 2.5 mm, poor 
surface drainage, s = 25 mm, and very poor surface drainage, s = 150 mm. 
The very poor surface dramage was considered because it may be desirable in 
some cases to construct dikes or otherwise artificially shape the surface to 
prevent runoff during high rainfall intensities. This would prevent 
pollutants deposited on the surface, grass cover, etc., from washing off the 
site with runoff water. Simulations were conducted for five drain spacings 
and for 3 application strategies as follows: (1) 10.5 nun every 3 days; (2) 
25 mm every 7 days; (3) 50 mm every 14 days. All 3 strategies would give an 
average application rate of 25 mm/week. As discussed in Chapter 3, waste 
water application is simulated by DRAINMOD on the application interval, 
INTDAY, if the drained volume (air volume) in the profile is greater than a 
given amount, REQDAR, and if rainfall occurring on the scheduled day is less 
than AMTRN. Parameter values used to determine whether an application will 
be skipped or postponed are listed in Table 6-5 for the cases considered in L this example. in all cases, the required drained volume, REQDAR, was 10 mm 
greater than the amount of water to be irrigated. 



Table 6-5. Application parameter values used in ~xample 3. 

Application interval, INTDAY 3 days 7 days 14 days 

Irrigation amount 10.5 nun 25 mm 50 mm 

Time irrigation starts 1000 1000 1000 

Time irrigation ends 1200 1200 1200 

Drained (air) volume required 20.5 m 35 mm 60 nun 
in the profile, E Q D A R  

Amount of rain to postpone 10 nun 10 mm 10 mm 
irrigation, AMTRN 
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Figure 6-19. Effects of drain spacing and surface storage on amount of 
waste water treated annually for irrigation scheduled once per 
week, 25 nun per application. 



All simulations were conducted a 25-year period and the results 
analyzed to determine the total annual irrigation on a 5-year recurrence 
interval basis. The results are plotted in Figure 6-19 for the 7-day 
application frequency and all three surface drainage treatments. The 
results show that, for drain spacings of 25 m or less, water could be 
applied at every scheduled application for a total of 1300 mm (52 weeks x 25 
mm/week) on a 5 YRI basis. In some weeks, waste water application may have 
to be postponed for one or more days due to rainfall, but the scheduled 
amount could be applied in all cases. For larger drain spacings, many of 
the scheduled irrigations could not be applied because there was 
insufficient water-free (drained) volume in the profile. When this 
happened, application was canceled for that period and conditions were 
checked on the next scheduled day. For example, only 770 mm could be 
applied (5 YRI basis) for a drain spacing of 45 m and good surface drainage. 
Closer inspection of the simulation results showed that most of the 
cancellations due to wet conditions occurred in the winter and early spring 
when ET is low. The results plotted in Figure 6-19 show that the amount of 
water that can be applied is more dependent on subsurface drainage, as 
indicated by the drain spacing, than on surface drainage. However, when 
subsurface drainage is poor (large drain spacings), the amount of waste 
water that can be treated is heavily dependent on surface drainage. When 
surface drainage is poor, water may be stored on the surface after periods 
of high rainfall and can be removed only by evaporation or subsurface 
drainage. Time required for removal of this surface water may cause the 
next scheduled waste water application to be canceled due to wet soil 
conditions. 

The effect of the application interval on annual amount applied is 
shown in Figure 6-20. Recall that the intervals and amounts to be applied 
were selected so that the average application rate was 25 mm/week for all 
three combinations simulated. This is obvious for good subsurface drainage 
where 1300 cm could be treated for all three irrigation frequencies. For 
slower subsurface drainage (i.e., drain spacings greater than 25 m), the 
results in Figure 6-20 indicate that more water can be treated by applying 
smaller amounts on a more frequent basis. For example, if drains are spaced 
45 m apart, 950 mm of water could be treated (on a 5 YRI basis) by applying 
10.6 nun every 3 days, while only 650 mm could be treated by scheduling 50 mm 
every 14 days. The reason for the difference is that, due to random 
occurrence of rainfall, it is more difficult to get the required water free 
(drained) volume for larger, less frequent irrigations. For the 14-day 
application interval, a water-free pore volume of 60 nun was required in 
order to apply waste water at the scheduled time. This volume may be 
available on the 12th day, but rainfall on the 13th day could cause 
conditions to be too wet for application at the scheduled time on day 14. 
For the 3-day interval, on the other hand, the same rainfall conditions 
would cause cancellation of only one or perhaps none of the 4 scheduled 
smaller waste water applications during the same period. 

The results discussed above assumed that a given amount of waste water 
is applied at a schedule time providing that soil water and rainfall 
conditions are not limiting. For a given drainage system, soil water 
conditions are more likely to be limiting in the winter and early spring 
because of lower ET rates, as mentioned above. However, it may also be 
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Figure 6-20. Effect of drain spacing and application frequency on total 
annual waste water treated for a Wagram loamy sand. 

possible to increase the amount applied during the late spring and summer 
months because of the relatively high ET rates during this season. Thus, it 
would be possible to increase the annual application over that shown in 
Figures 6-19 and 6-20 by storing the water in a reservoir during periods 
when irrigation is not possible and increasing the application rate during 
the summer. In this case, it is important to determine the amount of 
storage that would be required for a given drainage system and application 
strategy. Storage required for the alternative systems considered here is 
shown in Figure 6-21 for drain spacings up to 45 m. The values given 
represent the storage required (5 YRI basis) to permit land treatment of an 



Figure 6-21. Effect of drain spacing, surface drainage, and application 
frequency on storage volume required for application of an 
average of 25 mm/week on a Wagram loamy sand. 
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average of 25 mm per week for 52 weeks per year. For example, a drain 
spacing of 45 m, with good surface drainage, would require storage capacity 
for 350 mm of waste water. This amounts to 13 weeks of irrigation at 25 mm 
per week. 
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The results of this example show that DRAINMOD can be used to determine 
the amount of waste water than can be applied to drained soils. The storage 
volume required because application is not possible during wet periods can 
also be assessed. Since simulations are made with actual weather data, 
designs can be made on a probabilistic basis. By considering alternative 
systems, DRAINMOD can be used to select the most economical system that will 
meet the design requirements for a given situation. 
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In many cases, concentrations of potential pollutants in waste waters 
are very low and the amount of water than can be applied to a disposal site 
depends on hydraulic limitations only. The following hypothetical example 
considers the effect of drainage system design and loading rates on the 
total amount of water than can be applied to the same Wagram soil discussed 

L above. 



A processing plant needs to treat above 11,000 m3 (3,000,000 gallons) 
d 

of waste water per week during the 8-month period from March 15 to November 
15. The waste has a low concentration of pollutants and could be applied to 
the soil at rates up to 10 cm/week as far as the pollutant load is 
concerned. What size land disposal site will be required and how is the 
size dependent on the drainage system design? 

The size of the land area required will obviously depend on the loading 
rate. If'2.5 cm of water can be applied every week, an area of 44 ha (110 
acres) will be required. For loading rates of 5 and 10 cm/week, areas of 
22 ha (55 acres) and 11 ha (27 acres) would be needed respectively. 
However, land application of the waste water would be limited during some 
weeks because of natural rainfall. Application may also be frequently 
restricted by wet soil conditions if the soil is not adequately drained. 
Simulations were conducted for planned loading rates of 2.5, 5, and 10 
cm/week. A 3-day application interval was used in all cases with the amount 

Table 6-6. Irrigation parameter values for three different loading rates on 
Wagrarn 1.s. 

Loading rate* 2.5 cm/week 5.0 cm/week 10.0 cm/week 

Application interval (INTDAY) 

Irrigation amount* 
(per application) 

Time irrigation starts (IHRST) 

Time irrigation ends (IHREND) 

Intervals when no irrigation 
is applied: 

Interval 1 
NOIRRl 
NOIRR2 

Interval 2 
NOIRR3 
NOIRR4 

Drained (air) volume 
required in profile, REQDAR 

Amount rain to postpone 
irrigation, AMTRN 

Irrigation rate** 

3 days 

1.07 cm 

1 (Jan 1) 
74 (Mar 15) 

314 (Nov 15) 
365 (Dec 31) 

2.07 cm 

3 days 

2.14 cm 

10 

12 

1 
74 

314 
366 

3.14 cm 

1 cm 

3 days 

4.28 cm 

10 

12 

1 
74 

314 
366 

5.28 cm 

1 cm 

Not a d i r e c t  input t o  t h i s  model. 
** Constant for all months in which waste water is to be applied. 



i/ of water at each application adjusted to give the required weekly loading. 
The irrigation parameter values used in this example are given in Table 6-6. 
As in the previous example, subsurface drainage is provided by 4-inch drains 
placed at a depth of 1.25 m in the Wagram soil. Also, the required drainage 
volume was set at 10 nun greater than the amount of waste water to be 
applied. However, in this example, it is assumed that good surface drainage 
(S = 2.5 nun) will be provided for all cases. A good stand of fescue, with 
an effective rooting depth of 30 cm, will be grown on the site. 

All simulations were run for a 25-year period and the results analyzed 
to determine the annual waste water applied on a 5 YRI basis. The results 
are plotted in Figure 6-21 for all three loading rates. In this case, the 5 
YRI means that the total waste water application, taken from Figure 6-22 
could be applied four years out of five on the average. 

Results given in Figure 6-22 show that, for narrow drain spacings, the 
amount of waste water than can be applied during the 8-month season is 
directly dependent on the planned loading rate. For example, a 15 m drain 
spacing would permit an irrigation total of 85 cm, 170 cm, and 325 cm for 
planned loading rates of 2.5, 5, and 10 cm/week, respectively. For wider 
drain spacings, the drainage rate limits the application of irrigation water 
and there is much less difference in the amount of water that can be applied 
at the different loading rates. At a 30 m drain spacing, both 5 and 10 
cm/week loading rates will apply a total of 140 cm of water while the 2.5 

L/ 
cm/week rate will still result in a total application of 85 cm. Clearly, 
the drainage system should be designed to fit the loading rate desired. For 
example, if the loading rate is restricted to 2.5 cm/week, the total amount 
of water applied cannot be increased by placing the drains closer together 
than 30 m. Likewise, a 10 m spacing would allow the maximum amount of 
irrigation to be applied if a 10 cm/week loading rate is used. 

The relationship plotted in Figure 6-22 can be used to determine the 
optimum drain spacing and size of the land disposal site for a given 
application rate. Assuming a land cost of $3,00O/ha ($1,20O/ac), irrigation 
system (pipe, sprinkler, installation, etc.) costs of $2,00O/ha ($800/ac) 
and drainage system costs (installed) of $2.50/m ($0.78/ft), the initial 
cost of a land disposal system can be calculated, as follows, for a planned 
application rate of 5. cm/week. 

An average waste load of 11,000 mJ/week gives a total of 477,400 m' to 
be applied over the 8-month period. For an application rate of 5 cm/wk and 
a 10 m drain spacing, 170 an of water can be applied (Figure 6-21). Then, 
the area required is: 

2 
The total drain length = 22.2 ha x 10,000 m /ha/lO m = 22,200 m. Then, 

the total land cost is 22.2 ha x $3,00O/ha = $66,600; the irrigation system 
cost is 22.2 ha x 2,00O/ha = $44,400 and the drain cost is 22,200 m x 2.50/m 
= $55,500. Initial costs for land, irrigation, and drainage systems are 
tabulated in Table 6-7 for drain spacings of 10, 20, and 30 m. 



Table 6-7. Initial costs for a land d'sposal system with subsurface 
drainage to treat 11,000 m3 (3,000,000 gallons) per week. These 
calculations are based on a planned application rate of 5 
cm/week. 

Drain spacing 

Total seasonal loading 170 cm 167 cm 144 cm 
(Figure 6-21) 

Land area required 22.2 ha 22.6 ha 26.2 ha 

Total drain length 22,200 m 11,300 m 8,700 m 

Land cost* $66,600 $67,800 $78,600 

Irrigation system cost** $44,400 $45,200 $52,400 

Drain cost $55,500 $28,200 $21,800 

Total cost $166,500 $141,200 $152,800 

Land cost calculated at $3,00O/ha ($1,20O/ac) 

** Irrigation system costs assumed to be $2,00O/ha ($800/ac) 

* * *  Drainage cost (installed) calculated at $2.50/m ($0.78/ft) 

The initial cost of land, irrigation, and drainage system considere d 
above are plotted in Figure 6-23 for all three loading raies. These results 
show that the minimum cost will be obtained by using the loading rate of 10 
cm/week and a drain spacing of 15 m. If the loading rates are restricted, 
due to pollutant concentration or for other reasons to 5 or 2.5 cm/week, 
initial costs can be minimized by using drain spacings of 23 m and 30 m, 
respectively. Pumping, maintenance, and other operational costs have not 
been considered and the analysis is therefore incomplete. However, this 
example demonstrates the use of the model in optimizing the design of an 
under-drained land disposal system. 

Example Set 4 - Effect of Root Depth on the Number and Frequency of Dry Days 
Root depths are limited in many North Carolina soils due to the 

physical barriers caused by hard pans or layering and by chemical barriers, 
such as a low pH below a given depth. In other cases, root depths are 
limited by high water table conditions which frequently prune back deeper 
roots. Some varieties of a given crop have more shallow rooting depths than 
others. Thus, increasing the rooting depth for a given crop may be a matter 
of variety selection, providing good drainage, or removing physical and 
chemical barriers to root growth. Because increasing the rooting depth 

I 
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Figure 6 - 2 2 .  Ef fec t  of d r a i n  spacing and planned loading r a t e  on t o t a l  
volume o f  water t h a t  can be t r e a t e d  on a Wagram 1.s. s o i l  near  
Wilson, North Carol ina.  
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Figure 6-23. I n i t i a l  cos t s  (sum of land, i r r i g a t i o n  equipment, and 
subsurface drainage cos t s )  versus d ra in  spacing f o r  th ree  
loading r a t e s .  

d i r e c t l y  increases the  water avai lable  f o r  p lant  use, the re  has been much 
i n t e r e s t  i n  removing b a r r i e r s  t o  roo t  growth and i n  developing p l a n t  
v a r i e t i e s  with deeper rooting systems. The purpose of t h i s  example i s  t o  
examine the  e f f e c t  of root  depth on the  number of days t h a t  the  p lan t  i s  
under s t r e s s  due t o  dry conditions. A day when p l a n t s  a r e  under s t r e s s  due 
t o  dry condit ions i s  assumed here t o  be a dry day and is defined i n  Chapter 
3 a s  a day i n  which ET i s  l imi ted  by s o i l  water conditions. 

The s o i l s ,  Bladen loam and Wagram loamy sand, and drainage systems 
considered here were used i n  previous examples (Example Sets  1 and 2 ) .  The 
drainage system f o r  the  Bladen s o i l  is  composed of p a r a l l e l  d ra ins  buried 1 
m deep and placed 20 m apar t  with good surface drainage (s = 2.5 nun). For 

ij 



L/ 
t he  Wagram s o i l ,  t he  dra in  spacing is  43 m with poor surface  drainage (s = 
25 nun). Conventional drainage is  assumed without cont ro l led  drainage o r  
sub i r r iga t ion .  Simulations were conducted f o r  20 years  of cl imatological  
da ta  f o r  Greenvil le ,  North Carolina. It was assumed t h a t  corn was t o  be 
grown on a continuous b a s i s  and t h e  maximum e f f e c t i v e  rooting depth was 
var ied  from 0.1 m t o  0.6 m t o  determine t h e  e f f e c t s  on number of dry days. 
The bas ic  r e l a t ionsh ip  f o r  root ing  depth versus time was t h e  same a s  used i n  
the  previous examples and is given by the  60 percent  curve i n  Figure 2-22, 
which has a maximum depth of 0.3 m. When t h e  value given i n  Figure 2-22 was 
g rea te r  than the  maximum root ing  depth chosen, t h e  rooting depth was s e t  
equal t o  t h e  maximum. For maximum root ing  depths g rea te r  than 0.3 m,  t he  
values given by t h e  60 percent  curve i n  Figure 2-22 were increased by t h e  
r a t i o  M/.30 where M i s  t h e  maximum depth. 

The r e s u l t s  of t h e  simulations a r e  p l o t t e d  i n  Figure 6-24 f o r  5-year 
and 2-year recurrence i n t e r v a l s  f o r  both Bladen and Wagram soils. An 
example i n t e r p r e t a t i o n  of these  r e s u l t s  y i e l d s  the  following f o r  a Wagram 
s o i l  with a l imi t ing  roo t  depth of 0.15 rn. On a 5 YRI b a s i s ,  we should 
expect t o  have 38 o r  more dry days during the  growing season i n  one year  out  
of 5 when t h e  root  depth i s  l imi ted  t o  0.15 rn. However, i f  t h e  b a r r i e r  t o  
root  growth is removed and the  maximum e f f e c t i v e  depth reaches 0.3 m ,  t he  
expected dry days (once i n  5 years)  would be 23. From another po in t  of 
view, we can say t h a t  23 o r  fewer dry days would be expected i n  4 years  out  
of 5 when t h e  maximum e f f e c t i v e  roo t  depth is  0.3 m. I f  t h e  e f f e c t i v e  
maximum root  depth could be f u r t h e r  increased t o  60 cm, t h e  expected number 
of dry days i n  4 years  out  of 5 would be 7 o r  fewer. 

Use of t h e  model, as i n  t h i s  example allows an evaluat ion of t h e  
p o t e n t i a l  benef i t  of operat ions t o  increase  rooting depths, such a s  c h i s e l  
plowing t o  break hardpans o r  deep incorporat ion of l i m e  t o  r a i s e  subsoi l  pH. 
Po ten t i a l  b e n e f i t s  of research t o  develop v a r i e t i e s  with deeper root ing  
systems could a l s o  be evaluated. 
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Figure 6-24. Effect of maximum root depth on number of dry days, 2 and 5 
years recurrence intervals. 



CHAPTER 7 

SENSITIVITY ANALYSIS 

Simulation of a water management system requires input information for 
soil properties, climatological data, plant relationships, and system 
parameters, as discussed in Chapter 4. Various methods can be used to 
measure or approximate these inputs (Chapter 5). The accuracy of the input 
data will usually be proportional to the time and resources invested in 
their determination. However, exact values for the required inputs will 
rarely be available in practice because of measurement errors and field 
variation of soil properties and other parameters. Results of simulations 
both in terms of the day-to-day predictions and objective function values 
(Chapter 3) will obviously be affected by errors in the inputs. 
Furthermore, the results will probably be affected more by errors in some 
inputs than others. Therefore, the sensitivity of simulations to errors in 
the individual inputs is needed in order to establish where priorities 
should be placed in determining required input data. The purpose of this 
chapter is to examine the sensitivity of the objective functions to errors 
in input data for several water management systems. 

Procedure 

L' Sensitivity analyses were conducted for the following soils and water 
management systems: 

1. Conventional surface and subsurface drainage on a Lumbee sandy 
loam at Wilmington, North Carolina. 

2. Conventional surface and subsurface drainage on a Toledo silty 
clay at Columbus, Ohio. 

3. Drainage and subirrigation on a Portsmouth sandy loam at 
Wilmington, North Carolina. 

4. Waste water application to a Wagram loamy sand with surface and 
subsurface drainage near Wilson, North Carolina. 

Simulations were conducted and the results presented elsewhere in this 
report for each of the above cases. Sensitivity analyses are presented in 
this chapter for a single water management system and operational procedure 
for each case. That is, only one drain spacing, drain depth, and 
depressional storage is considered for each soil and location. Drainage 
system parameters and certain additional input data that were used in 
sensitivity analyses are summarized in Table 7-1. 



Table 7-1. Summary of certain water management system parameters used in 
sensitivity analyses. 

Drain Drain Weir Depressional Reference to 
Spacing Depth Depth** Storage Soil Property 

Soil Location* (m) (m) (m) (mm Information 

Lumbee s.1. Wilmington, 15 1.0 1.0 2.5 Chapter 6, 
N. Carolina Example Set 1 

Toledo sl. Columbus, 12.2 0.9 0.9 2.5 Chapter 10, 
cl. Ohio pages 10-37 to 

10-44 

Portsmouth Wilmington, 15 1.0 0.50 2.5 Chapter 6, 
s.1. N. Carolina Example Set 2 

Wagram 1.s. Wilson, 30 1.25 1.25 2.5 Chapter 6, 
N. Carolina Example Set 3 

Location refers to the place that the weather data used in the 
simulations were obtained. Soil property data may have been obtained 
from a different location. 

** Weir depth is the depth of a weir in the outlet during the growing 
season. A weir was only used for the Portsmouth soil in the examples 
considered in this chapter. 

Sensitivity analyses were conducted by changing a given input by a 
predetermined amount, and, with the other inputs held at their correct 
values, running a simulation for 20 or 25 years of record. Then, values of 
the objective functions for a 5-year recurrence interval were obtained from 
the simulation results and plotted as a function of input error. Analyses 
were made for hydraulic conductivity, water content at the lower limit (or 
wilting point), upward flux - water table depth relationship, drainage 
volume - water table depth relationship, root depth, and potential 
evapotranspiration (PET). For each input parameter, simulations were 
conducted for the correct value(s) +lo percent, +25 percent, k50 percent, 
-95 percent, +I00 percent, and +200 percent. For example, the hydraulic 
conductivity for Portsmouth s.1. is (Chapter 61, K = 3.0 cm/hr. Simulations 
were conducted for K = 3.0 cmh, 3.3 cm/hr., 2.7 cm/hr, 3.75 cm/hr., 2.25 
cm/hr, etc. For layered soils, the conductivity (or other soil property) of 
each layer was increased or decreased by the given percentage error. 
Functional relationships, such as drainage volume versus water table depth, 
were likewise increased or decreased by the given percentage for all levels 
of the independent variable (water table depth, in this case). 



Results 

Working Days 

Sensitivity of the number of working days predicted by the model to 
errors in the input data are plotted in Figure 7-1 for Lumbee sandy loam and 
in Figure 7-2 for Portsmouth sandy loam. Corn production, near Wilmington, 
North Carolina, was considered in both cases with the seedbed preparation 
period being from March 15 to April 15, as discussed in the examples in 
Chapter 6. It may be concluded from Figures 7-1 and 7-2 that errors in 
hydraulic conductivity (K) have the greatest effect on predicted working 
days. 

An error of +50 percent, in K for the Lumbee soil, would have resulted 
in a prediction of 17 working days on a 5 YRI, rather than the 11 days that 
should have been obtained. For the Lumbee soil (Figure 7-11, the 
sensitivity of predicted working days to errors in drainage (air) volume, 
PET, and depth to the impermeable layer was of the same order as hydraulic 
conductivity. Practiced results were not noticeably affected by errors in 
wilting point or the upward flux relationship. Results for Portsmouth s.1. 
were only sensitive to negative errors in K and, to a lesser aegree, depth 
to the impermeable layer. The 15 m drain spacing used on the Portsmouth 
5.1. was chosen to meet both drainage and subirrigation objectives. Actually, 
a 32 m spacing would have been sufficient to meet the trafficability requlre- 
ment of 10 working days (Figure 6-15). Because the system is operated in 
the conventional drainage mode during and prior to seedbed preparation, the 
maximum number of working days (19), as limited by soil water conditions, 
was predicted (c.f. Figure 6-15). The other 11 days (30 - 19 = 11) cannot 
be working days (on a 5 YRI), because of rainfall on those days. Thus, an 
error causing the K to be too high had no effect on predicted working days 
for this case. Rapid subsurface drainage provided by the close drain 
spacing also nullified potential effects of errors in PET, drainage volume, 
and depth to the impermeable layer. 

Effects of errors in soil properties and other inputs on SEW-30 are 
shown in Figures 7-3, 7-4, and 7-5 for the Lumbee, Toledo, and Portsmouth 
soils, respectively. In all three cases, SEW-30 was more sensitive to 
errors in K and PET than to any of the other input parameters. Errors in 
upward flux and air volume - water table depth relationship had relatively 
small effects on predicted SEW-30. However, the effects were somewhat 
greater for subirrigation (Figure 7-5) than for conventional drainage. This 
is a fortuitous result because the upward flux relationship is usually the 
most difficult to characterize, and therefore, subject to the greatest error 
of all the model inputs. The effect of root depth, another input parameter 
that is difficult to define, also has a relatively small effect on SEW-30 
(Figures 7-4 and 7-51. 
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Figure 7-1. Effect of errors in input data on number of working days 
predicted for the period March 15 to April 15, on a 5-year 
recurrence interval (5 YRI). Simulations were conducted for a 
Lumbee sandy loam at Wilmington, North Carolina. 
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Figure 7-2. Effect of errors in input data on predicted working days for 
period March 15 to April 15, for Portsmouth sandy loam, at 
Wilmington, North Carolina. 
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Figure 7-3. Sensitivity of predicted growing season SEW-30 (5 YRI values) 
to errors in input data for a Lumbee sandy loam, near 
Wilmington, North Carolina. The water management system was 
designed for conventional drainage. 
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Figure 7-4. S e n s i t i v i t y  of predic ted  SEW-30 (5 Y R I  values)  t o  e r r o r s  in 
input  da ta  f o r  Toledo sl .  c., near Columbus, Ohio. 
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Figure 7-5. Sensitivity of predicted SEW-30 (5 YRI basis) to errors in 
input data for Portsmouth sandy loam, near Wilmington, North 
Carolina. Subirrigation was used during the growing season for 
this case. 



L 
Based on the results plotted for working days and SEW-30, effort in 

defining the model inputs should be concentrated on accurately determining 
field effective K values and PET. This is especially true when the model is 
used to analyze conventional surface-subsurface drainage systems. This is 
not to say, however, that the user can be sloppy in determining the other 
inputs. The sensitivity analyses presented represent only a limited number 
of soils, locations, and water management systems. In other situations, the 
results may be more sensitive to other parameters so all inputs should be 
specified as accurately as possible. 

Dry Days 

The sensitivity of the predicted number of dry days to errors in 
various input parameters is demonstrated in Figure 7-6 for the Lumbee soil 
near Wilmington, North Carolina, and in Figure 7-7 for the Toledo soil at 
Columbus, Ohio. In both of these cases, the drainage systems were used for 
conventional surface and subsurface drainage. The same relationships are 
plotted in Figure 7-8 for subirrigation on the Portsmouth soil considered in 
Example Set 2, Chapter 6. The number of dry days are less dependent on K 
than either working days or SEW-30 for all cases considered. The 
sensitivity of predicted dry days to errors in root depth and PET was 
greater than the other parameters tested. For example, there were 36 dry 
days predicted (5 YRI basis) for the Lumbee soil. If the methods for 
predicting PET had been 40 percent too high (error of +40 percent), 60 dry 
days would have been predicted. An error of the same magnitude in effective 
root depth would have resulted in a prediction of 21 dry days. The effects 

L of errors in root depth were not as great for the Toledo soil or for 
Portsmouth sandy loam, under subirrigation, as for the Lumbee. Still, the 
dry days were more sensitive to root depth than any other parameter, except 
PET. 

Dry days were also quite sensitive to errors in the water content at 
the lower limit (wilting point), except for the case of subirrigation where 
sufficient water was supplied from the water table so the wilting point 
selection was not critical. Errors in the upward flux relationship had a 
significant effect on dry days for Lumbee and Portsmouth soils, but not on 
the Toledo soil (Figure 7-7). In the latter case, the drainable porosity in 
the subsoil was small and the water table was often greater than 1 m during 
dry periods. Since upward flux is small for deep water tables (Figure 
10-311, increasing it by as much as 200 percent had only a small effect on 
the number of dry days. Errors in drainage volume and depth to the 
impermeable layer had only a small effect on number of dry days predicted. 

Waste Water Application 

Effects of errors in the model inputs on the predicted annual amount of 
waste water that can be applied are shown in Figure 7-9 for the Wagram soil 
considered in Example Set 3, of Chapter 6. The drain spacing is 30 m and 
irrigation is planned once per week at a rate of 2.54 cm per application. 
Therefore, the maximum amount that could be applied is 2.54 cm per 
application. Therefore, the maximum amount that could be applied is 2.54 

L/ cm/wk x 52 weeks = 132 cm. The 30 m drain spacing permitted an application 
of 122 cm on a 5 YRI basis (Figure 6-19), as shown for zero error in Figure 
7-9. 
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days (5 YRI b a s i s )  f o r  a Lumbee sandy loam, near Wilmington, 
North Carolina. 
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Figure 7-7. Effects of errors in the input data on predicted number of dry 
days (5 YRI basis) for a Toledo sl. c. located near Columbus, 
Ohio. 
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Figure 7-8. Effect of errors in the input data on predicted number of dry 
days (5 YRI basis) for subirrigation on a Portsmouth sandy 
loam, near Wilmington, North Carolina. 
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Figure 7-9. Effect of errors in model inputs on predicted total annual 
waste water applied (5 YRI basis) for a Wagram 1.s. soil near 
Wilson, North Carolina. Application of waste water is 
scheduled for once per week at 2.54 cm per application. 



This waste water treatment system involves application of as much as 
2.5 cm per week of water in addition to natural rainfall. Therefore, the 
soil is relatively wet all year long and the effects of errors in wilting 
point, root depth, and upward flux relationships on annual waste water 
application are negligible. Errors in K had the largest effect on the 
predicted total allowable application. Depth to impermeable layer and PET 
were the next most sensitive parameters. An error of -50 percent in K (3 
cm/hr, rather than 6 cm/hr) would have resulted in a predicted annual 
application of 86 cm. The same error in depth to the impermeable layer and 
PET would have given annual amounts of 105 and 128 cm respectively. Thus, 
if the model is to be used to predict annual waste water application, effort 
should be concentrated toward determining those input data controlling the 
rate that the water is removed from the profile: K, depth to the 
impermeable layer, and PET. 



CHAPTER 8 

SUBIRRIGATION 

The purpose of this chapter is to examine factors affecting water 
movement in a subirrigation system. Methods are presented making certain 
preliminary design calculations to supplement results obtained from DRAINMOD 
and improve the efficiency of its application. Examples to demonstrate the 
use of these methods are presented and discussed. 

There are basically two operational procedures for subirrigation 
systems. The most common procedure is to maintain a constant water level 
elevation in the tile outlet (Figure 8-1). Water is periodically pumped 
from a well, stream, or other water supply to replenish water which moves 
from the drains into the soil to supply ET demands and seepage losses from 
the system. During dry periods, this procedure results in a water table 
profile which is more or less in steady state. The drain spacing necessary 
to satisfy crop ET demands depends on the hydraulic conductivity of the 
soil, peak ET, or consumptive use, height of the water level in the drain, 
etc. Methods for determining the drain spacing for steady state operation 
are discussed in the following section. 

Another procedure for operating subirrigation systems is to place a 
weir in the outlet that extends to near the soil surface and, by pumping for 

L an extended period, raise the water tabre into the root zone of the profile. 
Then, pumping is topped and the water table is allowed to fall as water is 
removed by ET and seepage. Pumping is initiated again when the water table 
reaches a predetermined depth and the process is repeated. Water table 
profiles for this unsteady state subirrigation process are process are shown 
schematically in Figure 8-2. Determination of design parameters, such as 
drain spacing in this situation depends on the time required to raise the 
water table to the desired elevation. Methods for predicting the time 
required to raise the water table in terms of drain spacing, hydraulic 
conductivity, and other factors are given in a subsequent section of this 
chapter. 

Steady State Operation 

The position and shape of the water table for steady-state subirrigation 
can be approximated by making the Dupuit-Forchheimer (D-F) assumptions and 
using the approach of Fox, et al, (1956). By neglecting water movement in 
the unsaturated zone, the flow rate in the horizontal direction per unit 
length of drain may be expressed as: 

3 
Where, referring to Figure 8-1, Q is the horizontal flow rate (cm fir 

cm) and h is the height of the water t h e  above the impermeable layer which 
depends on the horizontal position, x, (i.e., h = h(x)). At any position, 



xt Q, must be equal to the rate that water leaves the profile by ET in the 
sectlon x to x = L/2. That is, 

Then, 

Separating variables and integrating subject to the boundary condition 
of h = h at x = 0 yields an expression for the water table position in 

0 terms of x: 

Thus, the water table assumes an elliptical shape under steady ET 
conditions. The derivation of Equation 8-4 assumes that water can move 
vertically from the water table by unsaturated flow to supply the ET demand. 
The maximum upward rate of water movement is dependent on water table depth 
as well as soil properties as discussed in Chapter 2. Therefore, the drains 
should be placed close enough together to maintain some minimum water table 
elevation at the midpoint (x = L/2) during a period of maximum ET demand. 
This spacing can be estimated from Equation 8-4 by specifying a water table 
elevation of h at x - L/2 and solving for L: 

1 d 

The effective horizontal hydraulic conductivity should be used for K in 
Equation 8-5, while the maximum permissible water tahle elevation at the 
drains, ho, will depend on the root zone depth, crop sensitivity and site 
parameters. 

As discussed above, Equations 8-2 to 8-5 are subject to the D-F 
assumptions and do not consider convergence losses near the drain. These 
losses can be accounted for by substituting an effective depth to the 
impermeable layer, de, for d in Figure 8-1, as discussed in Chapter 2 (pages 
2-13 to 2-15) for drainage. The h values are adjusted accordingly. The 
value of d can be computed from Equations 2-13 and 2-14. Because d e e 
depends on the drain spacing, L, an iteration process is required to compute 
L from Equation 8-5. First, a trial value of L is calculated from Equation 
8-5 using h values based on the actual value of d. Then, d is computed 
from Equation 2-13 or Equation 2-15 and the h and hl are agjusted. Then, a 
new value of L is determined from Equation 8-9. A new value of d is 
computed and the process is repeated until L remains constant. ~gually, one 
iteration is sufficient for convergence. 



Figure 8-1. Water table profile for subirrigation under steady state 
conditions with an ET rate of e. 

Figure 8-2. Water table profiles for unsteady state operation of a 
subirrigation system. The water table is raised to near the 
surface at time, t . Then, pumping is stopped and the water 
table recedes due ?o ET, as shown for times t and t When 

1 .  2 ' .  the water table reaches some depth, g, pumping is initiated to 
raise the water table back to its initial position. 



Example 1 - Steady State Subirrigation 
A Portsmouth sandy loam has a hydraulic conductivity of 3 cm/hr and a 

profile depth to a restrictive layer of 2.0 m. Drains are placed at a 1 m 
depth as shown in Figure 8-3 with the main in the direction of the surface 
slope of 0.5 percent. Corn is to be grown with an effective rooting depth 
of 30 cm (1 ft.). Roots cannot penetrate much below this depth because of 
acid subsoil. The drains to be used have a diameter of 10 cm (4 inches) 
with a completely open effective radius of 0.51 cm. Determine the drain 
spacing necessary for subirrigation during dry periods in the summer when 
the peak ET demand is 0.5 cm/day. 

Because the root zone is 30 cm deep, the water level in the laterals 
should not be held closer than 30 cm to the surface. A given depth in the 
lateral can be maintained in a sloping situation by placing a water level 
control structure such as those shown in Figure 8-4 immediately below each 
lateral. One design of such structures is described in detail in an SCS 
technical note (TECH NOTE ENG-FL-11) from the SCS Florida State Office 
(dated April 1977). Depending on the slope, it may be possible to service 
several laterals with a single control structure (Figure 8-3). However, in 
this case, we will assume that the water level is controlled exactly 30 cm 
from the surface in each lateral so that h = 100 - 30 + d . Assuming d = 

o e d = 100 cm for the first trial, gives h = 170 cm. To detgrmine h we use 
0 1 ' the curve in Figure 5-6 for Portsmouth. It gives a water table depth below 

the root zone of 46 cm for a steady upward flux of 0.5 cm/day. The root 
zone is 30 cm deep so h = d + 100 - (30 + 46) = 100 + 24 = 124 cm. 

1 Applying Equation 8-5 glves a first estimate for the drain spacing of: 

The equivalent depth to the impermeable layer is then calculated using 
Equation 2-18 with r = r = 0.51 an as: 

e 

With this value of d h = 74 + 70 = 144 and h = 74 + 24 = 98. Then, 
e' o 1 

2 L = [4 x 3 (144~ - 98 )/(0.5/24)1 = 25.3 m (83 ft) 2 

Recalculating d from Equation 2-18 gives d = 72 cm which is close 
enough to the 74 cm gssumed in the above calculafion of L. Therefore, a 
drain spacing of L = L = 25.3 m (83 ft) would be sufficient to supply an ET 

2 rate of 0.5 cm/day, if the water level in the drain is held 30 cm from the 
surf ace. 
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Figure 8-4. P r o f i l e  view of main d ra in  l i n e  with water within a  given 
d i s t ance  of t h e  surface  a t  t h e  d ra in  l i n e s .  



What if the minimum tolerable water table depth is 50 cm, rather than 
30, as assumed above? Then, starting with an assumed d of 70 cm, we would 

e have h = 70 + (100 - 50) = 120 cm and h = 70 + (100 - 30 - 46) = 94 cm. 
0 From Equation 8-5, L = 17.9 m. ~ecalcuiating d gives d = 64 cm so h = 

e e o 
64 + 50 = 114 and h '= 64 + 24 = 88. Then, L = 17.4 m and the new d is de 

2 
= 63 cm, which is close to the assumed value of 64 cm. Therefore, ifethe 
water level in the drain line is maintained at a depth of 50 cm, a drain 
spacing of L = 17.4 (57 ft) would be needed, as opposed to the 25 m spacing 
for a 30 cm depth. 

Water Table Rise During Subirrigation 

The time required to raise the water table to a height sufficient to 
supply crop ET demands may be the limiting factor in the design of a 
subirrigation system. The need to consider this aspect is obvious for 
operations where the water table is raised to the root zone and then allowed 
to fall as water is removed from the profile by ET. These systems function 
in an unsteady state mode and it is extremely important to be able to raise 
the water table rapidly enough to maintain a supply of water to the crop. 
The time required to raise the water table is also important for steady 
state operation. Ignoring this aspect of the operation could result in a 
prohibitive length of time to raise the water table at the beginning of the 
growing season or when irrigation is initiated. 

Methods for predicting water table .rise for both initially horizontal 
and draining profiles were presented in a previous paper (Skaggs, 1973). 
The methods are described here and new graphical solutions are presented for 

'd 
the convenience of the user. 

Equation 8-1 for horizontal flow rate may be combined with the 
principle of conservation of mass to obtain the following governing equation 
for unsteady conditions (van Schilfgaarde, 1974). 

Where, referring to Figures 8-1 and 8-2, h = h(x,t) is the distance of 
the water table above the impermeable layer, t is time, f is effective or 
fillable porosity, and e is the rate water is added to the soil by rainfall 
and is negative for losses by ET or deep seepage. If the water table is 
initially flat at some distance, h, above the impermeable layer, the 

1 boundary and initial conditions may be written as: 

h = h  
o f  x = O  , t > O  (8-7a) 

h = h. O < x < L ,  t = O  
1 '  - - (8-7c) 

Equation 8-6 can be expressed in nondimensional form as: 



2 2 
Where H = h h  , 5 = x/L, u = eL /Kh , and T = K t .  Then, the 

0 boundary conditions may be written, 
f L~ 

The D-F assumptions are not valid for regions near the drain tube, as 
discussed earlier, so d should be substituted for d in Figures 8-1 and 8-2. 

e 
The values of h and h. should be adjusted accordingly to compensate for 

0 1 
convergence losses near the drain. 

Solutions 

Numerical solutions to Equation 8-8 were obtained by writing the 
equation in finite difference form and solving on the digital computer. The 
numerical methods are described elsewhere (Skaggs, 1975). Solutions for the 
H vs. T are given for a point midway between the drain (5 = x/L = 0.5) in 
Figures 8-5 through 8-8 for p values of 0, -1, -2, and -3, respectively. 
The solutions in each figure are plotted for a range of D = h /h values 

1 0  
from D = 0.0 to D - 0.95. Solutions for D and p values not glven can be 
obtained by interpolation. 

L 
The final or steady state values of H are constant for a given u value, 

as shown in Figures 8-5 through 8-8. The steady state value of H can be 
obtained by solving Equation 8-8 with aH/ar = 0. Then, 

Separating variables and integrating subject to the boundary 
conditions: 

and 

gives 

2 
At the midpoint, 5 = 1/2 and Hm = p/4 + 1 (8-13) 

Then, for example, if p = -1, the midplane H value should approach H = 
m 

0.87 after some period of time. This is consistent with results given in 
Figure 8-6, which shows that the steady state position of H = 0.87 is 
attained at T = 0.8 for all D values. Note that for p = -4, H = 0 

m 



Figure 8-5. Solut ions for  water tab l e  movement a t  a point midway between the drains when the water table  
e l eva t ion  is  raised t o  ho i n  the drains .  The i n i t i a l  water table  i s  horizontal  a t  an e l eva t ion  
of  hi and D = hi/ho. The nondimensional v e r t i c a l  l ogs  rate  is  11 = 0 .  



Figure 8-6, Solut ions  for  water table  movement a t  a  point  midway between the drains when the water table  
e l eva t ion  is  raised t o  ho i n  the drains .  The i n i t i a l  water table  is  horizontal  a t  an e levat ion  
of hp and D = hi/lio. Thc nondimensional v e r t i c a l  l o s s  rate  is u = -1 .0 .  



0.01 

Figure 8-7. Solutions for water table movement at a point midway between the drains when the water 
table elevation is raised to ho in the drains. The initial water table is horizontal at 
an elevation of hi and D = hitho. The nondimensional vertical loss rate is p = -2.0. 



Figure 8-8.  Solutions for water table movement at a point midway between the drains when the water 
table elevation is raised to h, in the drains. The initial water table is horizontal 
at an elevation of hi and D = hi/ho. The nondimensidnal vertical loss rate is p = -3.0. 



(Equation 8-13). This simply means t h a t  the  water t a b l e  e levat ion  a t  the  
midpoi t w ' l l  be drawn down t o  t h e  impermeable l aye r  by the  ET losses  when 9 1 
p = eL /Kho = -4. This  assumes, of course, t h a t  t h e  ET r a t e  of e occurs 
uniformly across  t h e  f i e l d  and i s  not  r e s t r i c t e d  by t h e  deep water t ab le .  
In f a c t ,  i t  may be r e s t r i c t e d ,  bu t  t h i s  would represent  a  point  of f a i l u r e  
f o r  the  sub i r r iga t ion  system. In any case, so lu t ions  f o r  u < -4 a r e  not  
needed a s  it is  not  poss ib le  t o  maintain a steady s t a t e  midplane water t a b l e  
above t h e  impermeable l aye r  f o r  these  values. 

It may seem unusual t h a t  t h e  midplane water t a b l e  decreases a f t e r  the  
water l e v e l  i s  r a i s e d  i n  t h e  d ra ins  (e.9.. t h e  so lu t ion  f o r  D = 0.8, p = -3 
i n  Figure 8-8). This can occur when t h e  i n i t i a l  water t a b l e  i s  higher than 
the  steady s t a t e  water t a b l e  depth; i . e . ,  D > H . In  o t h e r  cases ,  t h e  
midplane water t a b l e  may decrease f o r  a  while tEen increase  (e.9.. t he  
so lu t ions  f o r  D = 0.4 and 0.2 i n  Figure 8-01. This happens because some 
t i m e  is required f o r  t h e  water t a b l e  midway between t h e  d ra ins  t o  r e a c t  t o  a 
change i n  t h e  water l e v e l  a t  t h e  drains.  However, v e r t i c a l  losses  due t o  ET 
(and deep seepage, i f  it occurs) ,  have an immediate e f f e c t .  So the  midplane 
water t a b l e  may f a l l  a t  f i r s t  due t o  ET losses ,  then increase  a s  water 
a r r i v e s  from the  dra in .  

Example 2 - Water Table Rise During Star tup  

The water t a b l e  i n  Example 1 is i n i t i a l l y  hor izon ta l  a t  a  depth of 1 m 
when the  crop i s  p lanted  and the  water l e v e l  i n  t h e  d ra in  i s  r a i s e d  t o  
within 30 cm of t h e  surface.  I f  t h e  d ra in  spacing is  25 m (from Example 1) 
and t h e  evaporation r a t e  is  assumed t o  be zero during t h e  period j u s t  a f t e r  
p lant ing ,  how much time w i l l  be required t o  r a i s e  the  midpoint water t a b l e  
t o  t h e  design e leva t ion  of 76 cm from t h e  surface? 

Since e = 0, u = 0, and Figure 8-5 can be used t o  c a l c u l a t e  t h e  time 
required.  From ca lcu la t ions  i n  Example 1, d = 72 cm f o r  L = 25 m ,  so  h = 

e o 
72 + (100 - 30) = 142 cm, h .  = 72/142 = 0.51. The water t a b l e  a t  the  
midpoint is t o  be r a i s e d  tolh = 72 + (100 - 76) = 96 cm. Then, H = h /h = 

1 
96/142 = 0.676. The e f f e c t i v e  poros i ty  f o r  Portsmouth s.1. can be est?ma?ed 
from t h e  slope of the  drainage volume - water t a b l e  depth curve given i n  
Figure 5-4. The s lope  between water t a b l e  depths of 1.0 m and 0.75 m i s  f  = 
0.06. Subs t i tu t ing  H = 0.68 i n  Figure 5-5 and i n t e r p o l a t i n g  f o r  D = 0.51 
gives T = 0.089. Then, 

Thus, 78 hours w i l l  be required t o  r a i s e  t h e  water t a b l e  t o  t h e  design 
e leva t ion ,  i f  evaporation from t h e  surface  is negl ig ib le .  



What time will be required for the same situation if t9e ET rate is a 

3 '  1 
2 

rela ive y modest 0.20 cy/day? For this case, p = -eL /K h = -0.20 cm/d x 
0 

2500 cm /(3 cm/hr x 142 cm x 24 hr/day) p = -0.86. ~ubgtituting H = 
0.68 in Figure 5-6 (u  = -1) gives T = 0.137 and from above T = 0.089. 

-1 0 Interpolation for p = -0.86 yield T = 0.130. Solving for t, as shown 
-0.86 

above, yields: 

This example shows that a substantial length of time may be required to 
raise the water table, especially when water is lost by ET from the surface. 
The time increases sharply with e, as shown in FIgure 8-10, for L = 25 m. 
The 25 m spacing was determined from steady state considerations in Example 
1 such that a water table depth of 76 cm at a point midway between the 
drains would result if the water level in the drains is held at an elevation 
30 cm from the surface and the steady ET = 0.5 cm/day. However, the above 
results and those given in Figure 8-10, show that a long time would be 
required to raise the water table to the desired steady state position. For 
example, if the water table is allowed to drop to a depth of 100 cm for some 
reason (equipment failure, operator error, assumption that it is going to be 
a wet year and irrigation will not be needed), about 240 hours would be 
required to raise the water table to its steady state position, if e = 0.4 
cm/day. The irrigation requirement would not be met during that period and 
substantial yield reductions could result. Therefore, a smaller drain 
spacing than calculated from the steady 'state analysis may be desirable to 
reduce the time required to raise the water table during the growing season. 

The time required to raise the midplane water table, as affected by the 
vertical loss rate, e, is also plotted for L = 17.4 m in Figure 8-10. Only 
57 hours would be required to raise the water table for this spacing when e 
= 0.4 cm/day. Then, the water level at the drains could be allowed to fall 
to a depth of 50 cm and still supply a steady ET rate of e = 0.5 cm/day 
(Example 1). This would allow a smaller variation in the steady state water 
table depth (from 50 cm at the drain, to a depth of 76 cm at the midplane). 
At the same time, the smaller spacing would provide system that is 
responsive to adjustments in the outlet water level during the growing 
season. 

The effects of rainfall and of available water stored in the 
unsaturated zone are not considered in this chapter. The effects of such 
factors on drain spacing and operational procedures of a subirrigation 
system can be analyzed best by using DRAINMOD to simulate the performance of 
the system. However, the methods discussed herein can be used to make a 
first cut design of the subirrigation system. The methods may also be used 
to check the final design for the time required to raise the water table to 
an operational position. Interruptions of subirrigation due to equipment 
breakdowns or other problems, are not planned so they are not usually 
simulated when DRAINMOD is used to analyze a given design. Thus, the time 
required to "restart" the subirrigation process should be checked for all 
systems desiqns. 



VERTICAL LOSS RATE e(ET OR DEEP SEEPAGE), CM/DAY 

Figure 8-9. Effect  of v e r t i c a l  l o s s  r a t e  e on time t o  r a i s e  t h e  midplane 
water t a b l e  from a depth of 100 cm t o  76 c m  f o r  two d ra in  
spacings i n  a Portsmouth s.1. s o i l .  The water l e v e l  i n  t h e  
d r a i n s  i s  ra i sed  t o  within 30 cm of t h e  surface  f o r  both d ra in  
spacings. 



CHAPTER 9 

SEEPAGE LOSSES FROM SUBIRRIGATION AND 
WATER TABLE CONTROL SYSTEMS 

Introduction 

One of the most important components of a subirrigation system is the 
development of a water supply with adequate capacity to meet plant use 
requirements, plus replenish water lost from they system by seepage. When 
the water table is raised during subirrigation, the hydraulic head in the 
field is higher than that in surrounding areas and water is lost from the 
system by lateral seepage. The rate of deep seepage or vertical water 
movement from the soil profile may also be increased. The magnitude of 
seepage losses depend on the hydraulic conductivity of the soil and depth to 
restricting layers. It also depends on boundary conditions such as the 
elevation of the controlled water table in relation to surrounding water 
table depths and the distance to drains or canals that are not controlled. 
Methods for characterizing seepage losses from subirrigated fields are 
presented in the following sections. The methods used are similar in 
concept to those described by Hall (1976) for computing reservoir water 
losses, as affected by ground water mounds. However, water tables are 
usually high for subirrigation systems and seepage losses can be computed by 
considering flow in one or two dimensions, whereas, the reservoir seepage 

L problem is normally a two or three dimensional problem. 

Seepage Losses to Nearby Drains or Canals 

Methods for quantifying steady seepage losses in the lateral direction 
can be developed by considering the case shown in Figure 9-1. Using the 
Dupuit-Forchheimer (D-F) assumptions, the seepage rate may be expressed as, 

Where q is the seepage rate per ynit length 05 the drainage ditch (or 
per unit thickness into the paper (cm /cm hr or ft /ft hr)). K is the 
effective lateral hydraulic conductivity (anfi). h is the water table 
elevation above the impermeable layer (cm or ft), which is a function of the 
horizontal position, x. If evapotranspirazon from the surface is assumed 
negligible, q is constant for all x and Equation (9-1) can be solved, 
subject to the boundary conditions, 

The solution for h may be written as, 



NONCONTROLLED - SUBIRRIGATION 

DRAINAGE SECTION SECTION 

Figure 9-1. Water t a b l e  p r o f i l e  f o r  seepage from a  sub i r r iga ted  f i e l d  t o  a  
drainage d i tch .  

NONCONTROLLED SUBIRRIGATION 
SECTION SECTION 

Figure 9-2. Water t a b l e  p r o f i l e  f o r  seepage from a sub i r r iga ted  f i e l d  t o  a  
drainage d i tch .  ET losses  a r e  considered. 

BOUNDARY- SUBlRRlGATlON r AREA 

Figure 9-3. Seepage from a  sub i r r iga ted  f i e l d  t o  an adjacent  nonir r iga ted  
f i e l d  which has water t a b l e  drawdown due t o  ET. 



~ifferentiating Equation (9-4) and substituting back into (9-1) gives, 

Then, if the length of the field (into the paper) is L, the seepage 
loss from that side of the field may be calculated as, 

Vertical water losses due to ET along the field boundaries increase the 
hydraulic gradients in the horizontal direction and, thus, seepage losses 
(Figure 9-2). In this case, the flux, q, may still be expressed by Equation 
(9-11, but rather than the flux being constant we may write, accoraing to 
Harr (1962), 

Where e is the ET rate. 

Then, substituting Equation 9-1 for q, 

Solving (9-8), subject to boundary conditions (9-2) and (9-3) gives, 

Again, differentiating and evaluating dh/dx at x = 0 and substituting 
into (9-1) yields, 

Notice that for no ET (e = 0). Equations (9-9) and (9-10) reduce to 
(9-4), and (9-5), respectively, as they should. 

Seepage Losses to Adjacent Undrained Lands 

Subirrigation systems are often located next to forest or cropland that 
is not drained. However, seepage losses may still occur along these 
boundaries because of low water tables in the undrained areas. Why would 
water tables be low in surrounding areas if they are not drained? Remember 
that subirrigation is used during dry period so water tables would be drawn 
down due to ET. Such a situation is shown schematically in Figure 9-3. The 
problem here, as opposed to the cases above is that neither h nor S is 2 



known. The relationship between the rate of steady upward water movement 
and water table depth was discussed in an earlier section (pages 5-13 to 
5-23). For purposesof this problem, it is assumed that water will not move 
to the surface (or to the root zone) at a rate sufficient to support an ET 
rate of e for water table elevations less than h Then, from principles of 

2' conservation of mass, we may write for any point, x, 

Where q(x) is the flowrate per unit length of the field (into the 
paper) expressed as a function of x, e is the steady ET rate, S is the 
limiting distance where h = h the limiting water table elevation that will 

2' 
allow upward water movement to the surface at rate e. 

Substituting Equation 9-1 for q gives, 

Separating variables and integrating subject to the condition h = h at 
x = 0, yields the following expression for h, 1 

Then, S can be determined by substituting h = h at x = S, which after 
simplifying results in, 

2 

/-h:i (9-14) 
S = e 

Then, the seepage loss per unit length of the field may be evaluated 
from Equation (9-11) at x = 0 as, 

(9-15) 
q = e 

Normally, seepage losses to surrounding undrained areas would be 
highest during peak consumptive use periods. The value of h would depend 
on the water level held in the subirrigation system. The value of h would 

2 
depend on the soil profile and could be chosen from relationships for 
maximum upward flux versus water table depth (Figure 9-61. To be on the 
safe side h2 should be chosen so that the depth of the water table is at 

least 1.0 m at x = S. 

Vertical or Deep Seepage 

Subirrigation and water table control systems are usually located on 
soils with tight underlying layers and/or high natural water tables so that 



L vertical losses are not excessive. When evaluating a potential site for a 
subirrigation system, vertical seepage losses under a raised water table 
condition should be estimated even though a natural high water table is 
known to exist. These losses should be added to lateral seepage estimates 
to determine the water supply capacity needed in addition to that required 
to meet ET demands. 

Deep seepage can be estimated for soils with restricting layers at a 
relatively shallow depth by a straight-forward application of Darcy's law. 
Referring to Figure 9-4, the vertical seepage flux may be estimated as, 

Where g is the flux (m/day), K is the effective vertical hydraulic 
v 

conductivity of the restricting layer, h is the average distance from the 1 
bottom of the restricting layer to the water table, h is the hydraulic head 2 
in the ground water aquifer referenced to the bottom of the restricting 
layer, and D is the thickness of the restricting layer. 

The hydraulic head in the ground water aquifer may be estimated from 
the water level in wells in the vicinity. It may be necessary to install 
piezometers to the depth of the ground water aquifer in order to accurately 
determine the hydraulic head in the aquifer. Methods for installing the 

L 
piezometers are discussed in Section 16 of NEH (pages 81-87). The thickness 
a d  hydraulic conductivity of the restricting layer may be determined from 
deep borings in the field. Data from such borings should be logged in 
accordance with the procedures given in Section 16 of NEH (pages 63-70). 
The vertical hydraulic conductivity, K of restricting layers can be 

v' determined from in-field pumping tests using the piezometer method (see 
Bouwer and Jackson, 1974). Laboratory tests on undisturbed cores can also 
be used to determine K - however, field tests are preferred, when possible. 

V' 

The restricting strata is often composed of several layers of different 
conductivities and thicknesses rather than a single layer. In this case, K 

v in Equation (9-17), is replaced by the effective vertical hydraulic 
conductivity K . The effective conductivity can be calculated for flow 

e 
perpendicular yo a series of layers (Harr, 1922) as, 

Where D D2, D3, ... are the thicknesses, and K 
v Kv2' Kv3' 

. . . are 
the vertical hydraulic conductivities of the individual layers. 

Examples 

An example layout of a subirrigation system is shown in Figure 9-5. 
Drains are placed 20 m apart and the water level directly above the drains 
is held to within 50 cm of the surface during the growing season. Seepage 
losses occur along all four boundaries of the field. The effective lateral 
hydraulic conductivity is 2.0 m/day for the field and surrounding areas, 
except for the compacted roadway south of the field where K = 0.5 m/day. 



RESTRICTING LAYER 

WELL 

Figure 9-4. Ver t i ca l  seepage t o  a ground water aqui fer  during 
sub i r r iga t ion .  



FOREST 

B rb 
CONTROL 

.,'. IRRIGATION STRUCTURE 
:: WELLS I 

t HEADER DITCH - CONTROLLED WATER LEVEL 
x 

' I  I ; 
: I  I 1 1600 m 1 c 

r i  I i -b ,FIELD 
!I 1 BOUNDRY 
i j l  I I I 
? I  1 I I 
::I I I I E CORN 
:I 
i I l l  o (NOT 
. I 0 

aD 
IRRIGATED ) 

;I I I I 

LDRAINAGE CANAL - NOT CONTROLLED 
CONTROL 

d STRUCTURE 

Figure 9-5. Schematic of a 128 ha (307 acre) subirrigation system showing 
boundary conditions for calculating lateral seepage losses. 



Boundary A-B 

Along Boundary A-B, water moves from the field under a 5 m wide 
uncompacted field access road to a drainage ditch on the other side (Figure 
9-6a). A drain tube is located immediately adjacent to the road in order to 
maintain good water table control right up to the field boundary. The 
seepage rate under the road can be calculated using Equation 9-5 as, 

= 2.0 m/day 2 2 2 m 3 
9~-B 

2 x 5 m  
11.5 - 0.6 )m = 0.378 - 

day m 

3 3 
QA-B 

= q .t = 0.378 m /m day x 800 m = 302 m /day 

Converted to more familiar units, the seepage rate may be written as, 

3 1 day 
= 302 m /day x x 1 hr x (3.282I3x 7.5 gal 

Q ~ - ~  60 min 
ft 
3 

This rather high seepage loss can be reduced by moving the first 
lateral away from the edge of the field, say by one-half of the drain 
spacing (Figure 9-6b). Then, substituting S = 10 + 5 = 15 m in Equation 9-6 
gives, 

This would be the seepage rate when ET = e = 0. Seepage losses are 
most critical during periods of high consumptive use (high ET by crop) 
because it is at this period that the highest supply rate will be required. 
The seepage rate for a design ET value of e = 0.6 cm/day can be calculated 
from Equation 9-10 as, 

3 
9~-B = 0.171 m /m day 

3 3 
QA-B 

= q 1 = 0.171 m /m day x 800 m = 137 m /day 

or 

Q = 25 gal/min 



However, it should be noted that this is the flowrate from the first 
lateral toward the access road and the adjacent drainage ditch. Part of the 
water supplies the ET demand between the lateral and the ditch and should 
not be counted as seepage loss. The rate of water used in the 10 m strip 
between the first lateral and the access road is, 

then 

This includes water lost by seepage to the drainage ditch plus water 
lost by ET from the road surface (at an assumed rate of 0.6 cm/day) where 
grass, weeds, etc., are growing. Note that the same result would have been 
obtained by evaluating the quantity h dh/dx from Equation (9-9) at x = 10 m, 
rather than at x = 0. Then, Equation 9-10 would have been replaced by, 

Ll and 

which is the same as determined above. 

It is interesting that seepage losses for e = 0 are greater than for e 
= 0.6 cm/day. The reason for this is that ET within the field lowers the 
water table elevation at the field edge and thus the hydraulic gradient and 
seepage rates are reduced. Losses can be further reduced by moving the 
first lateral further away from the field boundary. This may mean 
sacrificing the quality of water table control near the edge of the field, 
but should be considered if seepage losses are excessive. 

Boundary B-C 

Seepage losses along the North Boundary, B-C, are in response to 
gradients caused by water table drawdown d ~ e  to ET, as shown schematically 
in Figure 9-7. The relationship between maximum upward flux and water table 

L depth (Figure 5-6) indicate that, for the Lumbee soil, an ET rate of 0.6 
cm/day can be sustained with a water table depth below the root zone of 50 
cm and a rate of 0.2 cm/day at a depth of 60 cm. Assuming an effective 



Figure 9-6. Seepage along Boundary A-B: (a) the first drain tube is 
located immediately adjacent to the field access road 5 m from 
the drainage ditch, and (b) the drain tube is located 10 m back 
from the road. 

FOREST 
e = 0.6 crn/day 

Figure 9-7. Schematic of water table position along the North Boundary 
(Section B-B). 



rooting depth of 60 cm (2 ft) and taking a conservative estimate of 60 cm 
for the water table depth below the root zone, gives a total water table 
depth of 1. 2 m and h = 2.0 - 1.2 = 0.8 m. Then, the seepage rate can be 

2 determined from Equatlon 9-16 as, 

2 2 3 
'B-c = (1.5 - 0.8 ) 2.0 x 0.006 m /m day 

and 

Seepage along B-C increases with the square root of e in contrast to 
Boundary A-B where seepage losses decrease with increasing e. It is also 
interesting to note that a 25 percent increase in h to 1.0 m still gives a 

2 
seepage rate of 36 gal/min, a reduction of only 12 percent. 

Boundary C-D 

As in the previous case, seepage losses along BC are caused by a lower 
water table in the adjacent nonirrigated field which was drawn down by ET 
(Figure 9-81. By assuming an effective maximum root depth for corn of 30 cm 
and a water table depth below the root zone of 60 cm (y = 0.60 + 0.30 = 0.90 
so h = 2. - 0.90 = 1.1) for a steady ET rate of e = 0.6 cm/day, the seepage 

2 
rate from the last drain tube toward the boundary C-D is (Equation 9-16), 

2 3 
q = d1.S2 - 1.1 ) 2.0 x 0.006 = 0.112 m /m day 

However, part of this seepage supplies the ET demand for the region 
between the last tube and the field boundary and should not be considered as 
seepage loss. If the last drain tube is located 10 m from the edge of the 
field, the portion of the above seepage us d by ET within the irrigated 5 field is, q = 0.006 m/day x 10 m = 0.06 m /m day. Therefore, 

e 
3 

'c-D = 0.112 - 0.06 = 0.052 m /m day 

and 

3 3 
Q ~ - ~  

= 0.052 m /m day x 800 m = 41 m /day = 7.5 gal/min 

An alternative means of calculating this loss is to first determine S 
for which h = h = 1.1 m from Equation (9-14). 

2 

s = 
2 2 

(1.5 - 1.1 ) 2.0/.006 = 18.6 m 

And, then determine q from Equation (9-191 with x = 10 m, 
C-D 

3 
'c-D = .052 m /m day 

which is the same value obtained above. 



r FIELD BOUNDARY 

Figure 9-8. Schematic of water t a b l e  and seepage along t h e  E a s t  Boundary 
(Section C-C) . 
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Figure 9-9. Seepage under t h e  road along Boundary A-D. (Section D-D).  



i/ Boundary A-D 

Seepage under the road along Boundary A-D (Figure 9-9) can be estimated 
using Equation 9-6 with K for the compacted road fill of 0.5 m/day. 

Deep Seepage 

Deep borings and hydraulic conductivity tests using the piezometer 
method indicate the thickness of the restricting layer is 20 m with an 
effective vertical hydraulic conductivity of K = 0.01 cm/hr. Measurements 
in observation wells, cased to the depth of thg ground water aquifer (22 m 
deep), show a nearly constant hydraulic head of h = 20.5 m (refer to Figure 

2 
9-4). Then, assuming an average h = 21.3 m, the vertical seepage rate can 

2 
be calculated from Equation (9-17) as, 

Then, for the entire field with dimensions of 800 m x 1,600 m, the 
vertical seepage rate is, 

Total Seepage Losses 

Based on the previous calculations, the total seepage losses are: 

QT = QA-B + QB-C + Qc-D + QA-, + Qv 



This amount of water will have to be supplied in addition to the 
irrigation water necessary to satisfy ET demand during the operation of the 
subsurface irrigation system. The calculations are based on a peak ET rate 
of 0.6 cm/day. Therefore, the capacity required to satisfy ET during 
periods of dry weather when the total demand must be satisfied by the 
subirrigation system is, 

3 
QET = 7,680 m /day or 1,400 gpm 

Thus, the seepage loss expressed as a percentage of the total capacity 
is: 

Percentage loss = 522/8,200 x 100 = 6.4 percent 

which is quite reasonable, compared to conventional methods of irrigation. 
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APPENDIX A 

DRAINMOD - COMPUTER PROGRAM DOCUMENTATION 

The program documentation consists of five parts, as follows: 

1. A brief description of each segment of the program and a 
discussion of its function. 

2. A program listing complete with definitions of all variable names. 

3. An example set of input data. 

4. An example of the program output - results of the simulation. 
Program Segments and Their Functions 

A. Main Program 

The main program is written in PL1. It reads year, month, and hourly 
rainfall for each hour of the month from HISARS files. It also reads the 
maximum and minimum daily temperatures and calculates PET using the 
Thornthwaite method. Inputs to main through the EXECUTE JCL card are the 
station ID for the hourly rainfall file and the station ID and latitude for 
the temperature file. These are usually the same station, but can be 
different so that PET can be estimated from temperature records at a nearby 
station when necessary. Other inputs are the beginning and ending years of 
simulation and the heat index for the PET calculation. 

The main program transfers the hourly rainfall and daily ET value for 
the entire month to subroutine FORSUB. The simulation is made in FORSUB for 
the month; control is returned to the MAIN program; another month's data is 
read from the file, and the process is repeated until the simulation has 
been conducted for the desired period. 

A FORTRAN version of MAIN was also developed to read hourly rainfall 
and daily PET directly from cards. This program was used to test the 
validity of DRAINMOD by reading in measured hourly rainfall and outlet water 
level elevations. Observed water table elevations were also read in and 
deviations between predicted and observed were computed. The predicted and 
observed water table depths were also plotted by the computer for visual 
comparison. 

B. Subroutine FORSUB 

FORSUB accepts hourly rainfall and daily PET values for a one month 
period from the main program. At the beginning of simulation it reads soil 
properties, crop parameters, and water management system parameters, and 
initializes variables. The basic water management sinulation is carried out 
in this subroutine. It determines if rainfall occurs on a given day, 
calculates infiltration, surface runoff, drainage or subirrigation, water 



table depth, depth of the dry zone, etc. These values may be printed out on 
a daily or monthly basis at the option of the user. It also calculates, 
stores and prints out water management system objective functions - those 
functions which the water management system is designed to provide at some 
minimal level. Objective functions or parameters are: working days during 
a given period, SEW-30, dry days during the growing season, or the amount of 
waste water irrigation. The operations of this subroutine depend on other 
subroutines which are called to read certain input data, to perform detailed 
calculations such as determining drainage flux, and to store and rank 
objective function values. 

This subroutine can be divided into the following sections: 

Obtain hourly rainfall and daily ET values from main program. 
Change values from inches to cm. 

Read input parameters on the first time through the simulation. 
Most are read in directly; others are read in by calling subrou- 
tines PROP and ROOT. 

Initialization of variables prior to beginning of simulation. 

Determine hourly rainfall, PET, and initialize other variables for 
a new day. 

Determine infiltration and conduct water balance on an hourly 
basis, if rain or irrigation occurs that day or if water was 
stored on the surface at the beginning of the day. 

Conducts water balance calculations on a two-hour interval or 
one-day interval, depending on drainage flux, when there is no 
rain or surface irrigation. 

Reevaluates the water balance for the day, determines water table 
depth, dry zone depth, etc., for the end of the day, and updates 
some variables to be used the next day. 

Determines objective parameters, such as SEW-30 and working days, 
accumulates and stores these values and prints out daily values 
for all water management components if the user calls for daily 
output. 

Computes yearly summaries and prints out monthly and yearly 
summaries. Calls subroutine ORDER to store and rank yearly 
summaries. 

C. Subroutine PROP 

This routine reads in the soil water characteristic (h v. 8 )  as a table 
of values. It interpolates between the values of water contents, 8 ,  at 1 cm 
increments of pressure head from 0 to -500 cm of water. The relationship 
between air volume in the profile and water table depth is determined from 



the soil water characteristic by assuming a drained to equilibrium profile. 
Air volumes are calculated for incremental water table depths from 0 to 500 
cm. As an alternative, the relationship between water table depth, air 
volume (or drainage volume) and steady state upward flux can be read in and 
interpolated for intermediate values at the u$er's option. In either case, 
the water table depth-air volume relationship is stored in arrays such that 
the air volume can be easily determined for a given water table or wet zone 
depth and the water table or wet zone depth can be immediately determined 
for a given air volume. For example, the value stored as VOL(1) would be 
the air volume for a water table depth of 0.0 cm, VOL(6) the volume for a 5 
cm water table depth, etc. Conversely, the value stored as WTD(6) would be 
the water table depth corresponding to an air volume of 0.5 cm, WTD(51) 
corresponds to a volume of 5 cm and so on. 

PROP also reads in a tabular relationship between water table depth and 
the Green-Ampt infiltration constants, A and B. These values are read in 
and interpolated for unit water table depth increments from 0 to 500 cm and 
stored in arrays for easy retrieval. 

D. Subroutine ROOT 

This subroutine reads in tabular values of effective root depth versus 
Julian data and interpolates between the values so that the root depth for 
any day can be called directly. 

L - 
s Subroutine SURIRR 

This subroutine determines if surface irrigation for waste water 
disposal is scheduled and if conditions are suitable for irrigation. The 
amount of surface irrigation is considered as additional rain. If the air 
volume in the soil is less than the required air volume for surface irriqa- 
tion, REQDAR, the irrigation day may be skipped (if INSIRR = 0) and no 
surface irrigation is done until the next preplanned day. If INSIRR > 0, 
the irrigation will be postponed to the next day rather than skipped as 
discussed in Chapter 3. If rainfall in excess of AMTRN occurs on the first 
scheduled hour of surface irrigation, the operation for that day is postponed 
and surface irrigation is tried again the next day. The rate of irrigation, 
AMTSIM(MO), is read in for each month. Simulations can also be conducted to 
apply the maximum amount of water possible at each irrigation by reading in 
a negative value for AMTSIM(M0). This option is discussed in more detail in 
Chapter 3. The program also counts the number of skips, number of postpone- 
ments, and the number of irrigation days. 

F. Subroutine WET 

Determines the pressure head and water content distribution in the wet 
zone by assuming a hydrostatic condition above the water table. 

G. Subroutine EVAP 

L The daily PET is distributed over the daylight hours of approximately 
6:00 a.m. to 6:00 p.m. in this subroutine. PET for any hour, between these 



times, HPET, is calculated by dividing the daily PET by 12, assumed number 
of daylight hours. Then, HPET for any hour in which rainfall occurs is set 
equal to zero. When the critical depth concept is used for determining the 
limit of upward water movement, HPET is also set equal to zero for any hour 
that the depth of dry zone exceeds the root depth. Finally, the daily PET, 
adjusted for hours when rainfall occurs is obtained by summing the hourly 
values. The hourly and daily PET values so determined are taken as the 
actual ET values in FORSUB when the critical depth concept is used. Other- 
wise, the PET values are used in subroutine ETFLUX to determine actual ET 
values. 

H. Subroutine SOAK 

This subroutine finds the infiltration constants A and B for the 
Green-Ampt infiltration equation, f = (A/F) + B, where f is infiltration 
rate, and F, cumulative infiltration. Infiltration constants vary from soil 
to soil and with initial water content or depth of water table. In this 
subroutine, the values of A and B are chosen from a stored array using the 
water table depth at the beginning of the infiltration event as the index. 
When a dry zone exists, an effective water table depth, which would 
correspond to the total air volume in the profile is defined and used as the 
index for obtaining A and B. Once the values of A and B are chosen, they 
are not changed until the infiltration event ends. The only exception is 
when the water table rises to the surface; then A is set to A = 0 and B is 
set equal to the sum of the drainage and ET fluxes. 

I. Subroutine DRAINS 

This subroutine determines the effective lateral hydraulic conductivity 
based on the conductivities of the profile layers from the input data and 
on the position of the water table. Then, the drainage (or subirrigation) 
flux is determined using the Hooghoudt equation as discussed in the text of 
the report. Convergence near the drain has already been accounted for by 
adjusting the depth from the drain to the impermeable layer in the input 
parameters. 

J. Subroutine ETFLUX 

This subroutine uses the adjusted PET values, either hourly or daily, 
obtained from subroutine N A P  to determine actual ET which may be limited by 
soil water conditions. The water table depth, rooting depth, depth of the 
dry zone, and upward flux from the water table are used as inputs to 
determine the actual ET. If upward flux is insufficient to meet the ET 
demand, water is removed from the root zone to make up the difference. If 
root zone water is not available, ET is limited to the amount that will be 
transferred by upward flux. 

I(. Subroutine YDITCH 

The purpose of this subroutine is to determine the water level in the 
drain at all times during the simulation. For a conventional drainage 
system, this water level would probably be constant; i.e., the outlet would 
be designed to have sufficient capacity to hold the water level at a 



constant elevation. For subirrigation, the water in the drainage outlet or 
drainage ditches would also probably be held at the elevation of the weir by 
pumping. However, in controlled drainage situations, the weir would be set 
at a given elevation and the ditch water level may be at or below that 
elevation depending on drainage and runoff. YDITCH was written to compute 
the water level in parallel ditch drains which are trapezoidal in 
cross-sections (Figure A.l). 

If YD is the water level in the ditch, then the total volume of water 
would be: 

CV = 
B + ( 2  YD) S 

2 . YD (A. 1) 

Where S is the slope of the ditch bank, B is t e bottom width and CV is 9 the total volume of water stored in the ditch in cm per cm of ditch length. 
Hence, if CV is known, then YD could be found easily: 

(A. 2) 

Figure A.1. Schematic of drainage ditch with water table control weir. 

The change in CV during a given time increment can be found as: 

A CV = (RO + DVOL) SDRAIN ( A . 3 )  

3 
Where SDRAIN is the drain spacing, RO is the runoff in cm (cm per unit 

area), and DVOL is the drainage volume in cm. Thus, after a time increment, 
At the water available for ditch storage is: 

CV = C V  +Am 
t + At t (A. 4) 

and the new YD can be obtained by substituting this value for CV in Equation 
A.2. However, the maximum value of YD is DDRAIN - DWEIR and this 



corresponds to a maximum value CV which may be obtained from Equation 
max A.1. Therefore, when the new value of YD is greater than M the water max ' 

lost from the system, WLOSS, may be determined as: 

WLOSS = (cv 
t + At - CVmax ) /SDRAIN (A. 5) 

3 2 
in cm (or cm /cm 1.  

When the ditch water level is higher than the water table in the field, 
subirrigation will occur and DVOL will be negative. Then, the <itch water 
level will decrease with time. 

When drain tubes, rather than parallel ditches empty into an outlet 
ditch or canal, the storage available in the outlet may be partitioned to 
the parallel drains by computing effective ditch dimensions. For example, 
consider a system of parallel drain tubes 500 m long spaced 50 m apart 
emptying into a rectangular canal 5 m wide. If the drain depth is 1 m, the 
storage volu e available per tube above the drain depth would be 1 m x 5 m x 

3 
Y 

50 m = 2 0 m . Since e ch tube is 500 m long, the storage per unit length 2 is 250 m /SO0 m = 0.5 m /m. So, an effective ditch dimension for this case 
would be a rectangular ditch 0.5 m wide and 1 m deep. This assumes that 
drains enter the main ditch from only one side. 

When drain tubes are used for both mains and laterals, storage would 
usually be negligible and small values of B and S would be used in the 
program. Internal division by S prohibits the use of S=O although B=O is 
allowed. 

Note again that this subroutine is important when the program is used 
in the controlled drainage mode. When conventional drainage or 
subirrigation are used, the water level is normally assumed to be constant. 
A possible exception would be some schemes of subirrigation which would 
raise the water level in the field on a periodic basis, then allow it to 
decline. 

L. Subroutine WORK 

The purpose of this subroutine is to determine if conditions are 
suitable for field work on a given day. Three criteria are used to 
determine if the day is a working day. First, there must be a minimum air 
volume (or drained volume), AMIN. If the air volume is less than AMIN, it 
is not a working day. Second, if the rainfall exceeds a given amount, field 
operations are stopped on that day. Third, field operations cannot resume 
until a given amount of time has passed since rainfall caused them to be 
terminated. 

Two working periods may be considered, usually spring seedbed 
preparation and fall harvest, with separate working day criteria and with 
specified maximum day lengths for each period. Partial working days may 
result when rainfall interrupts field operations; this possibility is also 
considered in the program. 



L 
M. Subroutine ORDER 

This subroutine stores yearly totals for the objective functions 
(SEW-30, working days, etc.) determines the average values over the 
simulation period and prints out the yearly values along with their rank 
after the simulation is completed. At the end of the simulation, ORDER 
calls subroutine RANK for each objective function and it ranks the values 
from smallest to largest. 

N. Subroutine RANK 

The yearly values of the objective functions are ranked from smallest 
to largest by this subroutine. 



CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccccc 
C 
C D R A I N M O D  
C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCccCCCCcccccccccccccccccccccccccccc 
C THIS MAIN PROGRAM READS HOURLY PRECIP AND DAILY MAX AND MIN 00000010 
C TEMPrURES FROM EITHER CARDS OR DISK (110 UNIT 4), DETERMINES PET 00000030 

00000040 C USING THORNTHWAITE METHOD. AND TRANSFERS HOURLY PRECIP AND DAILY 
C PET VALUES BY MONTH TO THE SUBROUTINE FORSUB. 
C 

DIMENSION E(241),TMAX(31),MIN(31),RDA(24),TITLE(20) 
DIMENSION FACTOR(12) 
DIWNSION HOURLY(744),ET(31),SET(12),IDAYBG(12),REL(366) 
INTEGER TMAX, TM1N.TITI.E 
DATA SET/ .O3, .O5, .08,. 11,. 14,. 17, .16,. 14,. 11, -08, -04, -02 1 
DATA IDAYBGIO, 31, 
1 6O,91,121,152,182,213,244,274,305,335I,LOOP/O/ 

C 
C 

READ(1,610) TITLE 
WRITE(6,62O) TITLE 
READ(1,600) IRID,ITID,IYST,IMST,IYED,IWD,LAT,HIDX 
READ(1,630) (FACTOR(K) ,K=1,12) 
I = LATI100 
J - LAT-I*100 
WRITE(6,640) IRID,ITID,IYST,IMST,IYED,IMED,I,J,HIDX 
WRITE(6.645) (FACTOR(K),K-1.12) 

645 FORMAT(' ET MULTIPLICATION FACTOR FOR EACH MONTH',/ 
*2X,12F6.2/) 
%AT1 = FUIAT(1) 
XLAT2 - FLOAT (J) 

C 
C START OF THORNTHWAITE INITIAL CALCULATION 
C REL(1-366) ACCOUNTS FOR EVERYDAY IN A YEAR 
C 

RLAT~0.0174533*XL~T1+0.0002909*XLAT2 
SINLAT=SIN(RLAT) 
COSLAT-COS (RLAT) 
W 50 ND=1,366 
XND-ND 
XM=O.0172264*(-6.E-l+XND) 
XLAM-4.874239+XH+O.0334762*SIN(XM)+O.0003502*SIN(XMfXM) 
YD-0.397900*SIN(XLAM) 
W-SQRT(1 .-YD*YD) 
D-ATANZ(YD,XD) 
ma(-0.014544-(SINLAT*SIN(D))) /(COSLAT*COS(D)) 

- YD-SQRT(1.-XD*XD) 
REL(ND)- O.Ollllll*ATAN2(YD,XD)*57.29578 

50 CONTINUE 
ti 

C E(1-241) ACCOUNTS FOR DAILY TEMPERATURE VARIATION 
C 

Y - ALOG(HIDX) 
F = 49239.E-5 + HIDX*(1792.E-5 + HIDX*(-771.E-7 + HIDX * 



L/ 1 675.E-9)) 
DO 60 NT =1,124 
XNT-NT 
X = -3863357.E-6 + F * (1021651.E-6 + ALOG(XNT) - Y) 
ETEXP = EW(X) 
E(NTi-65) - 24.E-2 

60 CONTINLTE 
W 70 I - 1,65 
E(I)=O.O 

70 CONTINUE 
W 80 I = 190,241 
E(1)-24.E-2 

80 CONTINUE 
C 
C 
C - 
C POSITION THE RAINFALL AND TEMP FILES TO START SIYULATION 
C 
100 READ(2,700,END=300) ITDA,IYOAT,IUDAT,(TMAX(I),TMIN(I),I=1,31) 
C IF NOT DESIRED STATION TRY AGAIN 

IF(ITDA.NE.ITID) GO TO 100 
C FOUND STATION, DESIRED YEAR AVAILABLE? 
120 IF (1YDAT.EQ.IYST) GO TO 110 

IF (1YDAT.GT.IYST) GO TO 300 
C ELSE, 

READ(2,700,END-300) ITDA,IYDAT,IMDAT,(TMAX(I),RIIN(I),I=1,31) 

i/ IF (1TDA.NE.ITID) GO TO 300 
GO TO 120 

C 
C FOUND STATION AND YEAR, IS DESIRED XONTK AVAILABLE? 
C 
110 IF (1YDAT.EQ.IMST) GO TO 130 

IF (IMDAT.GT.IMST) GO TO 210 
C ELSE, 

READ(2,700,EXD=300) ITDA,IYDAT,MDAT,(TMAX(I),T?lIN(I),I=1,31) 
IF (1TDA.NE.ITID) GO TO 300 
IF (1YDAT.NE.IYST) GO TO 200 

C ELSE, 
GO TO 110 

C 
200 WRITE(6,900) IMST,JYST,MDAT,IYDAT 
900 FORWT(' DESIRED MONTH ',I2,' COULD NOT BE FOUND WITHIN YEAR ', 

* 14, ' , START SIMULATION AT MONTH ' ,I2,' AND YEAR ' ,I4) 
IMST = IWAT 
IYST - IYDAT 
GO TO 130 

210 WRITE(6,glO) IMST, IMDAT 
910 FORWT(' DESIRED MONTH ',I2,' COULD NOT BE FOUND, START', * ' SIMULATION AT MONTH ',12) 

IMST = IMDAT 
C GO TO 130 
C 

L-, c 
C TEMP FILE POSITIONED. POSITION RAINFALL 
C 



C IF NOT DESIRED STATION, TRY AGAIN 
C 

IF (1RDA.NE.IRID) GO TO 130 
C 
C FOUND STATION, IS DESIRED YEAR AVAILABLE? 
C 
140 IF (1YDAR.EQ.IYST) GO TO 150 

IF (1YDAR.GT.IYST) GO TO 310 
C ELSE, 

READ('+ ,710.END-310) IRDA. NDAR,IMDAR.IDDAR. (RDA(I) .I=1 .24) 
IF (1RDA.NE.IRID) GO TO 310 

C ELSE, 
GO TO 140 

C 
C 
C 
C 
300 WRITE(6,950) ITID,IYST,ITDA,IYDAT,IMDAT 
950 FORMAT(' STATION AND YEAR ',16,1X,I4,' COULD NOT RE FOUND.'. * ' LAST RECORD READ WAS ',16,1X,14,1X,12) 

GO TO 999 
C 
310 WRITE(6,960) IRID,IYST,IRDA,IYDAR,IHDAR 
960 FORMAT(' RAINFALL STATION AND YEAR ',16,1X,I4,' COULD NOT BE', * ' FOUND. LAST RECORD READ WAS ',16,1X,I4,1X,12) 

GO TO 999 
C 
C 
C FOUND STATION AND YEAR 
L 

C 
150 IF (1MDAR.EQ.IMST) GO TO 160 

IF (1MDAR.GT.IMST) GO TO 220 
READ(4,710,END=310) IRDA,IYDAR,IMDAR,IDDAR,(RDA(I),'L-1,24) 
IF (IRDA.NE.IRID) GO TO 310 
IF (1YDAR.NE.NST) GO TO 220 

C ELSE, 
GO TO 150 

C 
220 WRITE(6.930) IMST,IYDAR,IMD4R 
930 FORMAT(' COULD NOT FIND MONTH ',I2,' BUT WILL ASSUME NO ', * 'RAINFALL UP TO BUT NOT INCLUDING ',14,1X,12) 
C GD TO 160 
C 
C 
C 
160 CONTINUE 
C 
C SET "CURRENT POINTERS AS A REFERENCE 
C 

IRCT - IRID 
ITCT = ITID 



IYCT - IYST 00001600 
IMCT - IMST 00001610 

C 00001620 
C NOW START SIMULATION 00001630 
C 00001640 

W 290 LOOP = 1,999999 00001650 
W 170 I ~1,744 00001660 

HOURLY (I )=O.O 00001670 
170 CONTINUE 00001680 
C IF MONTH DOESN'T EXIST FOR RAIN USE ZEROS 00001690 

IF (IMDAR.~.IMCT) GO TO 250 00001700 
C ELSE, READ MONTHLY RAINFALL 00001710 
180 DO 190 1-1.24 00001720 

HOURLY((1DDAR-1)*24 + I) - RDA(I) 00001730 
190 CONTINUE 00001740 

READ(4,710,END*250) IRDA,IYDAR,IMDAR,IDDAR,(RDA(I),I-1,24) 00001750 
IF ((IRDA.EQ.IRCT).AND.(IYDAR.EQ.IYCT).AND. oo001760 * (1MDAR.EQ.IMCT)) GO TO 180 00001770 

C RAINFALL READY, PREP.ARE TEMP DATA 00001 780 
2 50 DO 260 I-1,31 00001790 

NT=T?fAX(I) + TMIN(1) +1 00001800 
ET(I )=SET(IMCT) 

IF((NT.GT.l).AND.(IFLAG.EQ.O)) ET(I)=E(NT)*REL(IDAYRG(IVCT)+I) 00001820 
260 CONTINUE 
C 
C TEMPERATURE READY, NOW SIMULATE WITH THIS MONTH L/ c 
- CALL FORSUB(IYCT.IMCT,ET,HOURLY,LOOP,IYED,FACTOR(IMCT)) 
L 

C READ NEXT MONTH OF TEMP DATA 
C 

IMCT-IMCT+l 
IF(IMCT.EQ.13) IYCT-IYCT+l 
IF(IMCT.EQ.13) IMCTel 
IF(IFLAG.EQ.1) GO TO 275 
READ(2,700,END=800) ITDA, IYDAT,IMDAT,(TMAX(I) ,TMIN(I) ,I-1,31) 

275 IF(IMDAT.NE.IMCT) IF LAG=^ 
IF(IMDAT.EQ.IMCT) IFLAM 
IF(IFLAG.EQ.1) GO TO 270 

IF (1TDA.NE.ITCT) GO TO 800 
IF (1YDAT.GT.IYED) GO TO 800 
IF ((IYDAT.EQ.TIED).AND.(IMDAT.GT.IMED)) GO TO 800 

C 
C SEE IF RAINFALL DATA IS CONSISTANT WITH TEMPERTURE 
C 
270 IF (1YDAR.GT.NCT) GO M 290 

IF ((IYDAR.EQ.IYCT).AND.(IMDAR.GE.IXCT)) GO TO 290 
C ELSE,READ RAINFALL UNTIL CONSISTANT 

READ(4,710,END=810) IRDA,IYDAR,IMDAR,IDDAR,(RDA(I),I=~,~~) 
C 
C IS THIS DESIRED RAINFALL 



CONTINUE 
WRITE (6,890 ) 
FORUTC' TERMINATE SIMULATION DUE TO END OF LOOP ' ) 

WRITE(6,830) ITDA,IYDAT,IMDAT 
FORMAT(' SIMULATION TEWINATED 
GO TO 999 
WRITE(6.840) IRDA,IYDAR,IMDAR 
FORWT ( ' SIMULATION TERXINATED 
GO TO 999 

NORMALLY. ',16,1X,14,1X,12) 

NORMALLY. ',16,1X,14,1X,12) 

STOP 

F0RMAT(2(16,1X),2(14,1X,12,1X),14,1X,F3.0) 
FORMAT(12F5.2) 
FORMAT(20A4) 
FORMAT(lHl,26X,ZOA4/lX/ 

f 47X,'INPUT PARAMETERS USED IN THIS SIMULATION'/lX/ * 46X,'DESCRIPTION',44X.'(VARIABLE) VALUE UNIT1/ 
* lX,132(1H-)) 
FORUT(' RAINFALL STATION NUMBF,R1,78(1H.),'(RAINID)',5X,I6/ 

* ' TEMPERATURE STATION NUMBER',75(1H.),'(TEYPID)',5X,I6/ 
* ' STARTING YEAR OF SIMURILATION',~O(~H.),'(START YEAR)',7X,I4, 
* 3X,'YEAR1/ 
* ' STARTING MONTH OF SIMULATION',~~(~H.),'(START MONTH)',9X,I2, 
* 3X,'MONTH1/ 
* ' ENDING YEAR OF SIMULATION',~~(~H.),'(END YEAR)',7X,I4, 
* 3X,'YEAR1/ 
* ' ENDING MONTH OF SIMULATION',~~(~H.),'(END MONTH)',9X,I2, 
* ~X,*MONTH'/ 

' TEWERATURE STATION LATITUDE1,71(1H.),'(TEMP LAT)',6X,I2, 
* '.',12,3X,'DEG.MIN1/ 

' HEAT 1NWX1,94(1H.),'(HID)' ,5X,F6.2/) 
FORMAT(I6,2X,I4,12/2413/24I3/24I3) 
FORMAT(16,2X,14,12,12,2X,24F4.2) 

END 
SUBROUTINE FORSUB(IR.MO.ET.HOURLYYLOOPP IEDYR-FACTOR) 

c ......................................................................... 
C THIS SUBROUTINE IS THE MAIN BODY OF THE MODEL, DRAINMOD. * 
C . IT CONDUCTS THE BASIC WATER BALANCE CALCULATIONS ON INTERVALS OF 1 * 
C * KR., 2HR., OR 1DAY. * 
C INFILTRATION, SURFACE STORAGE, AND WATER MANAGEMENT PARAMFXERS SUCH * 
C * AS SEW-30 ARE CALCULATED WITHIN THIS SUBROUTINE. * 
C * OTHER COMPONENTS SUCH AS DRAINAGE FLUX AND ET ARE CALLED FROM ADD- * 
C * ITIONAL SUBROUTINES. t 
c ......................................................................... 



COMMON/PAR/TAV,REQDAR, A M T R N , ~ S I  .DAMTSI 
COMMON/WHX/WATER(500) ,W(101) ,H(101) ,X(lOl) ,NN 
COF!MON/ABDB/EDT!~T.AA(~M)) ,BB(500) ,A,B 
COMMON/EVAFQ/PET,DDZ,ROOTD 
COF!MON/DRABLK/HDRAIN,DEPTH, CONK(5) ,DZ(5) 
COMMON/DLK/SDRAIN.DDRAIN,DC,ADEPTH 
COMMON/WND/STOR,GEE, STORRO 
COMMON/DRLK/DRNSTO 



DIMENSION RVOLM(12),FVOLM(12),ROM(12).DVOLM(12),PUI.IWM(12) 
DIMENSION DWIER(12).DACHNG(12~.lWLOSS(12) 

DIMENSION F(24),FRATE(24),HET(24),ACCR(24) 
DIMENSION WTD(1000) ,VOL (501) 
DIMENSION SWIER(12) 
DIMENSION WATERL (31 ) 
DIMENSI0:i SEWM(12) 
DIHENSION UPFLUX(500),HPET1(24) 
DIMENSION SUMAET(12) 
DIY3NSION AMTSIM(12) 

C 
C READ INPUT 

READ(1,600)INSIRR,FDAYSI,INTDAY,IHRSTA,IHREND,NOIRR1,NOIRR2, 
$NOIRR3,NOIRR4 
READ(1,61O)REQDAR,AMTRN,(A!TSIM(I) ,1=1,12) 
READ(1,620)DDRAIN,HDRAIN.SDRAIN,ST?IAX,DEPTH,XNI,DC,ADEPTH 
READ(1,620)STORRO,GEE 
READ(1,625)(DZ(I),CONK(I),I=1,5) 
READ (l,630)4MINC,NOPORT,NMONTH 
RE4D(1,640)(DACHNG(I) ,DWIER(I) ,1=1,12) 
READ(1,645) BWKDYl,EWKDY1,STJKHRl,EWKHR1,AMIN1,ROUTA1,ROUTT1 
READ(1,645) BWKDYZ,EWKDYZ,SWKIIR2,C~Z,A~IN2,ROUTA2,ROU~2 
READ(1,650)DITCHB,~ITCHS,ROOTD,CRITD,WP,DTWT 
~EAD(1,670)ISEUMS,ISEWDS,ISEWtE,ISEWDE,SEWX 
READ(1.670)IDRYMS. IDRYDS , IDRYME, IDRYDE 
BEAD(1,670)INDET,INWIER 

C IF INDET .Gl'.O USE VALUES READ IN SUB PROP TO CALCUL4TE ET AS 
C LIMITED BY SOIL CONDITIONS. IF INDET .GT.O USE LIMITING DEPTH 
C CONCEPP. 
C START SEW CALCULATION ON ISEWDS IN MO. ISEWMW. 
C END IT ON DAY ISEWDE IN MO. ISEWE. 
C SEW CALCULATES DAYS W.T. IS ABOVE SEWX Cri. 
C 
C PRINT INPUT 

WRITE(6,790) 
WRITE(6,800)DDRAIN,HDRAIN,SDRAIN,STMAX,DEPTH,XNI 
WRITE (6,801 )DC, ADEPTH 
WRITE(6,802)STORRO,GEE 
WRITE(~,~~~)AMIN~,ROUTA~.ROUTT~,AMIN~,ROUTA~,ROUTT~ 
WRITE(6,815)BWKDYl,EWKDYl,SWKRRl,EWKHRl,BWKDY2,~YZ, 
SSWKHRZ.EWKHR2 

SNOIRR3 ,NOIRR~ 
WRITE(~,~~O)REQDAR,WTRN,(AMTSIM(I),I-1,12) 
WRITE(6,861) (FACTOR(I),111,12) 

861 FORMAT(//, ' ET CORRECTION FACTOR FOR EACH MONTH' / .4~, 12~6.2/) 
WRITE(6,822) 
CST14.0 



DO 824 I-1,5 llOA 
CST2 =DZ (I) lllA 
IF(CONK(I).GT..lE-5) WRITE(6,828)CSTl,CST2,CONK(I) 112A 

824 CST1-CST2 113A 
WRITE(6,830)(DACHNG(I) ,I=1,12) 114A 
WRITE(6,840)(DWIER(I),I=1,12) 11% 
WRITE (6,835 )NOPORT 1164 

C 117A 
C SOIL PROPERTIES 1184 

WRITE (6,870 ) INDET 119A 
CALL PROP(CSrD,VOL,WATER,AA,BB,UPFLUX) 1204 

C 121A 
C SOW SOIL PROPERTIES ARE READ IN AND INITIALIZED IN SUBROUTINE PROP 1224 
C 123A 

CALL ROOT(DRO0T) 124A 
JDAY -0 125.4 

C 126.4 
c ;--------------------------------------------------------------------- 1 127A 
c I END OF SECTION 2 1 128A 
c ;------------------------------------------------------------------ I 129A 
C 1304 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 3 1 ~  
C * SECTION 3 * 1324 

DC=DC/24. 
TOFSIR=IHREND-IHRSTA 
IPCNTIO 
EDTWT-Dm 
LRAIN - 0 
DDAY 10. 
ISKIP-0 
IPOST-O 
IK-0 
ISICNT-O 
IRRDAY-O 
DEBT-0 .O 
DDZIO. 0 
DRNSM-0.0 
STOR=O. 0 
TOTR-0. 
TOTFPO. 
TOTDPO. 
TOTRO-O. 
TOTNT-0 . 
TOTFIM). 
Tom-0. 
TPUMPV-O . 0 
YTAV-0.0 
YSLIMETPO.0 
WETz=DTWT 
ID=DTWT+l. 0 
YDEBT-0.0 
CRITDl-CRITDCl. 



ICRIT=CRITDl 162A 
CRITAV=VOL(ICRIT) 1 6 3 ~  
AVOL=VOL(ID) 164A 

d 
TAV-AVOL A164A 
UPQ=UPFLUX(ID) 165A 
UPVOL=UPQ*24. 1664 
UPVOLP=UPQ 
DELX=DEPTH/XNI 167A 
NI-XNI 168A 
NN=NI+l 169A 
NR1-NOIRRl 17 04 
NRZ=NOIRRZ 1714 
NDAYSI-FDAYSI 172A 
W 20 I=1,12 173A 
ISICNM(I)=O 174A 
ISKIPY(I)=O 175A 
IPOSTM(I)=O 176A 
SIRRMO(I)=O. 177.4 
IrcnOSS(I)=O.O 178A 
SWT(I)=O.O 179A 
RVOLM(1 )=O .O 180A 
ROM(1 )=O . 0 181A 
FVOLM(I)=O.O 182A 
DVOLM(1 )=O. 0 183A 
PUMPVM(I)=O.O 1844 
WRKDAY (I )=O. 0 185A 
WETDAY (I)=0.0 186A 
WATDAY (I )=O. 0 1R7A 
DRYDAY (I )SO. 188A 

d 
SWIER(1 )=DWIER(I ) 189A 
SEWM(1 pO.0 190A 

20 CONTINUE 1914 
DO 23 I=1,50 192A 
IRY (I )=0 193A 
SEW(1 )=O.O 194A 
TOTDD(1 )=0 . 0 1954 
TOTWD (I )=O.O 196A 

23 TOSIRR(I)=O.O 1974 
C 198A 

X(l)=O.O 199A 
DO 25 I=2,NN 200A 
X(1 )=X(I-1 )+DELX 201A 

25 CONTINUE 202A 
C 203A 
c ;------------------------------------------------------------------ I 204A 
c 1 END OF SECTION 3 I 205A c '------------------------------------------------------------------ I I 206A 
C 207A 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2084 
C * SECTION 4 * 209A 
C * INCREMENT DAY, DETERMINE HOURLY RAINF4LL. WEIR DEPTH, AND ROOT DEPTH * 210A 
C * FOR NEW DAY. INITIALIZE VARIABLES FOR A NEW DAY. * 211A 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  212A 
C 213A 

30 DAY=DAY+l 214.4 



- 
32 DAMTSI-O.0 

DEEPETIDEPTH-DDZ 
JPOSTYIO 
JSKIPM=O 
JSICNM-0 
WLosS=o.o 
Rod). 0 
RVOL-0.0 
DVOL-0.0 
puMpv=o. 0 
DELTWKIO. 0 
AMRAIN=O . 0 
STORl=STOR 
STORZ=STOR 
AVOL 1-AVOL 
HSEW-0.0 

C 
C FIND HOURLY RAINFALL VALUES FOR NEW DAY 
C 

L- (DAY-1 )*24 
DO 35 I-1,24 
K-L+I 
R(I)=HOURLY (K) 
AMRAIN=AMRAIN+R (I ) 
ACCR (I )-AWRAIN 

35 CONTINUE 
C 
C CHECK IF SURFACE IRRIGATION IS PREPLkNNED ON THAT DAY 

IF(IRRDAY.EQ.FDAYSI.OR.IRRDAY.EQ.NDAYSI)CALL SURIRR 
C 
C FIND WATER CONTENT AND HEAD DISTRIRVCION 

CALL UETWETZ) 
r " 

- PET-ET (DAY) 259A 
C GET POTENTIAL DAILY EVAPOTRANSPIRATION FOR NEW DAY - DISTRIBUTES PET TO 260A 
C HOURLY VALUES 261A 
r 2624 



IRAIN-I 
DT-1.0 
DDT-0.05 
DTYDT=DT-O. 01 *DDT 

DO 55 I-1,24 
RVOL=RVOL+R(I ) 
IF(R(1) .GT.O.OOOl)LRAIN-I 
CONTINUE 

J=1 
IF(F(J).LT.O.Ol)CALL SOAK 
IF((DAYSTR.GE.Z).AND.(DTWT.GT.O.O)) CALL SOAK . . . , 

DETERMIWS INFILTRATION CONSTANTS FOR SM4LL INITIAL INFILTRATION 

CALL DRAINS(DTWT,DFLUX) 
IF(AVOLl.LE.0.01)AIO.O 
IF((A.LT.0.00001).AND.(DTWT.GT.O.10)) CALL SOAK 
IF(A.EQ.O.O)B=HET(J)+DFLUX 
IF((A.LE.0.000001).AND.(B.LT.O.O))B=O.O 
PRATE (J )=A/F(J)+B 
IF(STOR.GT.O.O)GO TO 65 
IF(FRATE(J).GT.R(J))GO TO 90 

RAT 1-FRATE (J ) 



C 3244 
75 DF- RAT^ *DDT 325A 

FZ=Fl+DF 3264 
RATZ=A/FZ+B 327A 
IF(ST0R.GT.O.O)GO TO 80 328A 
IF(R~T~.GT.R(J))RAT~=R(J) 329A 

80 DF+.5*(RATl+RATZ)*DDT 330A 
SPR=STQR+R(J)*DDT 331A 
IF(DF.GT.SPR)DF=SPR 332A 
Fl=Fl+DF 333A 
SUM=SUM+DDT 3344 
RAT~=A/F~+B 3354 
IF(STOR.GT.O.O)GO TO 85 336A 
IF(RAT~.GT.R(J):W\T~-R(J) 337A 

85 STOR=STOR+R(J)*DDT-DF 338A 
IF(STOR.GT.STMAX)STOR=SPt4X 339A 
IF(SUM.GE.DTMDT)GO TO 100 3404 
GO TO 75 341A 

C 342A 
90 Fl=F(J)+R(J)*DT 3434 

RAT~=A/F~+B 344A 
IF(RATl.GT.R(J))GO TO 95 345A 

L/ 
RATl-R(J) 3464 
GO TO 70 347A 

C 348A 
95 RATl=R(J) 349A 
100 F(J)=Fl 350A 

DVOLl =DFLUX*DT 351A 
DVOL=DVOL+DVOLl 352A 
IF(DVOLl.LT.O.O)PUMPV=PUMW+DVOLl 3534 
IF(J.EQ.1)GO TO 105 354A 
FVOL=F(J)-F(J-1 ) 355A 
GO TO 110 356A 

C 3574 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  358A 
C * SECTION 58 - WATER BALANCE CALCULATION FOR ONE HOUR INTERVAL * 359A 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  360A 
C 361A 
C REEVALUATION OF WETZ,DDZ ETC 362A 
105 FVOL=F(l)-YESF 363A 
110 WETZmDTWT-DDZ 364A 

IF(INDET.GT.0) GO TO 117 365A 
IF(WETZ .GT.CRITD)GO TO 115 366A 
IF(DEBT.GT.O.01)GO TO 115 367A 
TVOLIFVOL-HET(J)-DVOL1 358A 
AVOL1 =AVOLl-TVOL 369A 
GO TO 120 370A 

115 AVOL1 =AVOLl+DVOLl 371A 
DEBT=DEBT+HET(J)-FVOL 3724 
IF(DEBT.GT.O.O)GO TO 120 373A 
AVOL1-AVOLlWEBT 374A 
DEBTSO. 0 3754 
GO TO 120 376A 



CONTINUE 
CALL ElTLUX(AVOL1 ,DEBT,FVOL,DVOL~ ,UPVOL~,HPETL (J) ,HET(J) ,PDERT) 
DDZ-DEBTI(WATER(1)-WP) 
IF(AVOL~.GT.~.~~~ )GO TO 125 
STOR=STOR-AVOL1 
IF(STOR.GT.STMAX)STOR=S~X 
F(J )-F(J)+AVOLl 
FVOL=FVOL+AVOL]- 
AVOL14.0 
IAvoL=1o.*AvoL1+1 .o 
AV-lO.*AVOLl+l.O 
XV-IAVOL 
WETZ-WTo(IAVOL)+(AV-XV)*(WTD(IAVOL+l)-WTD(IAVOL)) 
IWET-WETL+l. 
UPQ=UPFLUX(IWET) 
IF(WETZ.GT.DEEPET)UPQ=O.O 
UPVOL2WPQ*DT 
DTWT-WEIZ+DDZ 
TAVl =AVOLl+DEBT 
DSTOR-STOR-STOR2 
STOR2=STOR 
RO-R(J )-FVOL-DSTOR 
CALL YDITCH(DWIER(MO),DVOLl,YD,RO,WU),DITCHR,DITCHS) 
IF(INWIER.GT. O.O)YD=DDRAIN-MiIER(M0) 
HDRAIN=DEPTH-DDRAIN+YD 
WL0SS=WL0SS+WL0 
IF(DTWT.LT.SEWX)HSEW=HSEWCSEWX-DTWT 

THE FOLLOWING STAT!DENTS DETERYINE IF THIS HOUR IS COUNTED 
AS AN HOUR IN WHICH FIELD WORK CAN RE DONE 

DWRKDY-0 . 0 
IF((JDAY .GE. BWKDY1) .AND. (JDAY .LE. EWKDY1)) 

* CALL WORK(~,J,TAV~;DWRKDY,ACCR(J),DDAY,YTAV~. 
IF((JDAY .GE. BWKDYZ) .AND. (JDAY .LE. EWKDY2)) 

* CALL WORK(2, J, TAVl ,DWRKDY, ACCR(J ) ,DDAY ,YTAV ) 
IF(R(J) .LT. 0.01) DDAY=DDAY+1./24. 
DELTWK-DELTWK+DWRKDY 
J-J+1 
IF(J.GT.24)GO TO 155 
F(J)=F(J-1) 
IF(F(J).LT.O.OOl)F(J)=O.O01 
GO TO 60 

WHEN CALCULATIONS HAVE BEEN MADE FOR HOUR, J=24, GO TO SECTION 7 



HOUR-0 
YESF=O. 0 
FVOL-0.0 
DO 135 I=1,24 
F(1)sO.o 
FRATE (I )"O .O 
CONTINUE 

CALL DRAINS(DTWT,DFLUX) 
DVOL1=24 .*DFLUX 
IFINDET>O USE SUBROUTINE ETFLUX TO ESTIMATE AET 
THEN CAV GET GOOD ESTIMATE OF DVOL 
UPVOL=IIPQ*24.O 
IF(INDET.LE.0) GO TO 137 
CALL ETFLUX (AVOL~,DEBT,FVOL,DVOL~,UPVOL,TPET,AET,PDEBT) 
AVOL1 =AVOL 
DDZ=DEBTXROOTD/PDEBT 

' CONTINUE 
C CHECK FOR DRAINAGE VOLUME. FOR SMALL VOLZME. TAKE 24 HOUR INCRENENT 
c AND FOR LARGE VOLW TAKE 2 HOURLY INCREMEN+ 

IF(ABS(DVOLl).LE.O.O2)GO TO 145 
AVOLl -AVOL 
DEBT-YDEBT 
AET=AET/12. 
HPPET=TPET/lZ. 

HOUR=HOUR+Z 
UPVOLl=UPQ*2.0 
DVOL1-2.OQFLUX 
CONTINUE 
IF(INDET.LE.0) GO TO 147 
IF(HOUR.EQ.0) GO TO 147 
CALL ETFLUX(AVOL1 ,DEBT,FVOL,DVOLl ,UPVOLl ,HPPET,AET,PDEBT) 
IF(AVOL1.LT.O.O) AVOL14.0 
GO TO 148 
TVOL-FVOL-AET-DVOL1 
AVOL1 -AVOLl-TVOL 
IF(AVOLl.LT.O.O)AVOLld).O 
IF(WETZ.GT.CRITD)AVOLl=AVOLl+DVOL1 
IAVOL=lO.*AVOLl+l. 0 
AV=lO.*AVOLl+l.O 
XV-IAVOL 
WE~-WTD(IAVOL)+(AV-xV)*(WTD(IAVOL+~)-WTD(IAVOL)) 
IWET-WETZ+l. 
UPQ-UPFLUX(1WET) 
DDZ=DEBT*ROOTD /PDEBT 
DTWT=WETZ+DDZ 
IF(WETZ.GT.DEEmT)UPQ4.0 
CALL YDITCH(DWIER(MO),DVOL~,YD,RO,WLO,DITCHB,DITCHS) 
IF(IN'd1ER. GT. O.O)YD=DDRAIN-DWIER(M0) 
HDRAIN-DEPTH-DDRAIN+YD 
WLOSS-WLOSS+WU) 
IF(DVOL1. LT. 0.0) PUMPV=PUMPV+DVOLl 
DVOL-DVOL+DVOLl 
CALL DRAINS (DIWT, DFLUX) 



IF(DTWT.LT.SEIJX)HSEW=HSEW+2.O*(SEWX-DTWT) 485A 
IF(HOUR.GE.~~)AET~ET*~~.~ 486.4 & 
IF(HOUR.GE.24)GO TO 155 487A 
IF(HOUR.EQ.O)GO TO 150 488A 
GO TO 140 489A 

C 490A 
150 DVOL2-24 .*DFLUX 491 4 

HSEW=12.0*HSEW 492A 
DVOL-0 .5*(DVOLl+DVOL2) 493A 
IF(DVOL.LT.O.0) PZlMPV-DVOL 4944 
CALL YDITCH(DWIER(MO),DVOL,YD,RO,WLO,DITCHB,~ITCHS) 4954 
IF(1NWIER.GT. O.O)YD=DDW\IN-DkJIER(M0) 4968 
HDRAIN=DEPTH-DDRAIN+YD 497A 

C 49RA 
c ;---------------------------------------------------------------------- 1 499.4 
c I E W  OF SECTION 6 I 500A c ;-----------------------------------------------------------------------l , 501A 
C 5024 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  503A 
C * SECTION 7 * 5044 
C * REEVALUATION OF WATER TABLE DEPTH, DRY ZONE DEPTH, WET ZOVE DEPTH, AIR* 505A 
C * VOLLJMES, AND RUNOFF AT END OF DAY. ALSO UPDATE SOYE VARIABLES TO BE * 50hA 
C * USED DURING NEXT DAY SUCH AS UPQ. * 507A 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  508A 
155 FVOL=F(24 )-YESF 509A 

DEBT=YDEBT 510A 
UPVOL-0.5*(24.O*UPQ+UPVOL) 511A 
IF(INDET.LE.O)GO TO 157 512A 
CALL ETFLUX(AVOL,DEBT,FVOL,DVOL,UPVOL,TPET ,AET,PDEBT) 5134 

d 
GO TO 165 514A 

C 515% 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  516A 
C * THE FOLLOWING SECTION (TO STATEMENT NO.165) USES THE CRITICAL DEPTH * 517A 
C * (CRITD) CONCEPT TO ESTIMATE WEN UPWARD MOVEMENT OF WATER FROM WATER * 518A 
C * TABLE IS LIMITED. * 519A 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  520.4 
157 CONTINUE 5214 

WE'IZ-DTWT-DDZ 522A 
IF(WETZ.GE.CRITD)GO TO 160 5238 
IF(DEBT.GT.O.01)GO TO 160 5244 
TVOL-FVOL-AET-DVOL 525A 
AVOL-AVOL-TVOL 5266 
GO TO 165 527A 

C 528A 
160 AVOL-AVOL+DVOL 5294 

DEBT-DEBT+AET-FVOL 530A 
IF(DEBT.GT.O.O)GO TO 161 5314 
AVOL-AVOL+DEBT 5324 
DEBT*. 0 5334 
GO TO 165 534A 

161 TAV=AVDL+DEBT 5354 
IF(WETZ.GT.CRITD1)GO TO 165 536A 
AVOL-CRITAV 537A 
DEBT-TAV-AVOL 5384 

C THE NEXT ARE NEEDED WHEN HOURLY WETZ<CRITD BUT DEBT>O 539A 



L.., IF(DEBT.GE.O.)GO TO 165 
AVOL=AVOL+DEBT 
DEBT+. 

C 
165 DDZ=DEBT/(WATER(l)-UP) 
166 DSTOR-STOR-STOR1 

RO-RVOL-DSTOR-FVOL 
IF(AVOL.LT.O.O)AVOL=O.O 
AV=lO.*AVOL+l 
IAVOL-AV 
XV-IAVOL 
WETZWTD( IAVOL)+((AV-XV)*(WTD (IAVOL+l)-WTD (IAVOL))) 
IWET=WETZ+l. 
UPQ=UPFLUX(IWET) 
DTWT+ETZ+DDZ 
IF(WETZ.GT.DEEPET)1IPQ=O.O 
TAV=AVOL+DEBT 
TAVl -TAV 
TV-1 OqAV+l 
ITAV-TV 
XV-ITAV 
EDTWT=WTD(ITAV)+(TV-XV)*(WTD(ITAV+~)-WTD(ITAV)) 
YDEBT-DEBT 
SEWD=O. 0 

c I 

c l END OF SECTION 7 I 
I c ;---------------------------------------------------------------------o 
I 

C 
C ......................................................................... 
C * SECTION 8 * 
C * DETERMINATION OF PLANT GROWTH AND TRAFFICABILITY PARAMETERS, OUTPUT * 
C * OF DAILY SUMXARIES IF DESIRED, AND MONTHLY SUMMARY CACULATIONS. * 
c ......................................................................... 

IF((MO.LT.ISEWMS).OR.(MO.GT.ISEWME))GO TO 169 
IF((MO.EQ.ISEW?IS).AND.(DAY.LT.ISEWDS))GO TO 169 
IF((MO.EQ.ISEWME).AND.(DAY.GT.ISEWDE))GO TO 169 
IF(DTWT.GT. SEWX)GO TO 168 
SEWD=SEWX-Dm 
CONTINUE 
IF(HSEW.GT.O.Ol)SEWD=HSEW/24.0 
CONTINUE 

C DAILY SU?MERIES 
WRITE(6.900) 
WRITE(6,910)IR,MO 
WRITE(6,920) 

170 WRITE(6,930)DAY,RVOL,FVOL,AET,DVOL,AVOL,TAV,DDZ,WETZ,DTWT, 



$STOR,RO,WU>SS,YD,DRNSTO,SEWD,D4MTSI 
C 
1 MONTHLY CALCULATIONS 
175 RVOLM(XO)-RVOLM(MO)+RVOL 597A 

FVOLM(MO)-FVOLM(MO)+FVOL 595A 
ROM(M0 )-ROM(V0 )+RO 599A 
D~~LM(M~)=D~~LM(M~)+DVOL 6 0 0 ~  
PUMPVM(M0 )=PUMPVM(MO)+PWPV 601A 
TWLOSS (M0)-TWLOSS (MO)+WLQSS 632A 
SUMAET(MO)=SUMAET(MO)+AET 6034 
SIRRMO(M0)-SIRRMO(MO)+DAMTSI 604 4 
ISICNM(MO)=ISICh'M(MO)+JSICNM 605A 
ISKIPM(M0)-ISKIPM(MO)+JSKIPM 606A 
IPOSTM(MO)=IPOSTM(MO)+JPOST?I 6074 
SEWM(MO)= SEWM(MO)+SEWD 608A 
IF(DDZ.GE.(ROOTD-1.0)) GO TO 172 609A 
IF(RVOL .a. 0.005) GO TO 176 610A 
GO TO 173 A6104 

172 IF((MO.LT.IDR~S).OR.(MO.GT.IDR~)) GO TO 173 B610A 
IF((XO.EQ.IDRYMS).AND.(DAY.LT.IDRYDS)) GO TO 173 C610.4 
IF((MO.EQ.IDRYME).AND.(DAY.GP.IDRYDE)) GO TO 173 D6104 
DRYDAY(M0)-DRYDAY(MO)+l.O E6lOA 

173 CONTINUE F610A 
DELTWK=O. 0 611A 
IF((JDAY .GE. BWKDY1) .AND. (JDAY .LE. EWKDYl)) 612A 

* CALL WORK(1,-l,TAV,DELTWK,O.O,DDAY,YTAV) 6134 
IF((JDAY .GE. BWKnY2) .AND. (JDAY .LE. EWKDYZ)) 614A 

* C4LL WORK(2,-l,TAV,DELTWK.O.O,DDAY,YTAV) 
DDAY-DDAY+l 

615, j 
6164 

176 WRKDAY(MO)-WRKDAY(MO)+DELTWK 617A 
IF(TAV.LT.AMINC)WATDAY(MO)-WATDAY(MO)+I. 6 1 8 ~  

61 9A 
IF(DAY.GE.DAYM(MO))GO TO 180 620A 
YTAV =TAV 621A 
GO TO 30 6224 

62 3A 
IF PREVIOUS DAY WAS LAST DAY OF MONTH GO TO SECTION 9;  OTHERWISE 6244 
RETURN TO SECTION 4 6254 

~ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1  I 6264 
I 
I END OF SECTION 8 1 627A 
I 1, 6284 

629A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  630A 
* SECTION 9 * 6314 
* IF MONTH JUST COMPLETED WAS LESS THAN 12, RETURNS TO MAIN PROGW FOR * 6324 
* NEW SET OF RAINFALL AND ET DAT4. IF MONTH=12, THIS SECTION PRINTS OUT* 6334 
MONTHLY SUMMARIES, COMPUTES YEARLY SUHMARIES, PRIWTS, AND DETERYINES * 634.4 

* AVERAGES OVER PREVIOUS YEARS OF SIMULATION. * 6354 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6365 
180 DAYEIT-DAYH(M0) 637A 

WETDAY (M0)-DAYMT-WRKDAY (MO) 6384 
IF(MO.LT.12)RETURN 639A 
IF(NMONTH.NE.0) GO TO 181 A6394 

640A 
MONTHLY SUMMARIES 641A 



WRITE (6,940 )IR 
WRITE (6,950) 
WRITE(6,960)(MO,RVOLM(MO),FVOLM(MO),ROM(MO),DVOLM(MO),SUZ.(AET(MO), 
2DRYDAY(MO),WRKDAY(MO), TWLOSS(MO),SEWM(MO),SIRRMO(MO), 
$IsIcNM(Mo),PUMPVM(MO),IPOSTM(MO),M~=~,~~) 

C 
181 CONTINUE 

EARSSIR-IRFST+l 
IYEAR-YEARS 
IRY (IYEAR)=IR 

C 
C 

DO 185 I=1,12 
TOTR-TOTR+RVOLM(I) 
YSUMET=YSUMET+SLIMAET(I) 
TOTF=TOTF+FVOLM(I ) 
TOTRO=TOTRWROM(I) 
TOTD-TOTD+DVOLM(I) 
TPUMPV=TPUMPV+PUMPVM(I) 
TOTDD(IYEAQ)=TOTDD(IYEAR)+DRYDAY(I) 
TOSIRR(IYEAR)=TOSIRR(IYEAR )+SIRRMO(I ) 
TOTNT-TOTNT+WETDAY(I) 
TOTWD(IYEAR)=TOTWD(IYEAR)+WRKDAY (I ) 
TOTFD=TOTFD+WATDAY (I ) 
TOTWFII'OTWF+TWLOSS (I ) 
SEW(1YEAR)-SEW(IYEAR)+SEWM(I) 
WETDAY (I )=0 . 0 
MKDAY (I)-0.0 
DRYDAY (I )=O . 0 
PLiMPVM(1 )=O.O 
RVOLM(1 )=0.O 
FVOLM(1 )=O.O 
Rox(I)=o.o 
WATDAY(I)=O. 
TWLoss(I)-o. 
DVOLM(1 )=O.O 
SIRRMO(I)=O.O 
SLMAET(I)=O.O 
ISICNM(I)=O 
ISKIPM(1 )-0 
SEWM(1 )=O. 0 
IPOSTM(1 )=O 

185 CONTINUE 
C 
C YEARLY SUMMARIES 

WRITE (6,99O)TOTR,TOTF,TOTRO ,TOTD,YSUMET, TOTDD (IYEAR) ,TOTWD (IYEAR) . 
$ T~TWF,SEW(IYEAR),TOSIRR(IYEAR),TPUMW 

C 
C REINITIALIZATION 

TOTR=O. 
TOTFrO. 
TOTRO-0. 
YSUMET30 .O 
TOTD-0. 
TPUMPVIO . 0 



TOTNT-0 . 
TOTFD-0. 
TOTWF=O. 
ISKIP=O 
IPOST=O 
JDAY=O 
IKIO 
ISICNT* 
IRRDAY=O 
NDAYSI=FDAYSI 
NOIRRl-NRl 
NOIXRZ =NR2 

C 
IF(IR.EQ.IEDYR) CALL ORDER(1YEAP) 

C 
600 FORMAT(215,7110) 
610 FOR?tAT(2F10.5,12F5.2) 
620 FORhtAT(8E10.2) 
625 FORMAT(lOF5.2) 
630 FORMAT(Fl0.2,215) 
640 FOR?!AT(12(F2.O,F3.0)) 
645 FORMAT(213,212,3F10.2) 
650 FOREIAT(6E10.2) 
660 FOR'-MT(2OF4.1) 
670 FORXAT(412,2X,F10.2) 

C 
790 FORMAT(lHl/lX,'INPUT PARA?tETER VALUES USED IN THIS SIMULATION'/) 
800 FORMAT(/lX,'DEPTH TO DRAIN=',F5.1,'CM'/lX,'EFFECTIVE DEPTH FROM 

$DRAIN TO IMPERMEABLE LAYER =' ,F5.l, 'CM1 /1X, 'DISTANCE BETWEEN 
$DRAINS -',F7.1,'CM' 
$/lX,'MAXIMUY DEPTH OF SURFACE POXDING -',F5.2,'CM1/1X,'EFFECTIVE 
$DEPTH IMPERMEABLE LAYER=',F6.l,'CM'/lX,'NUMBER OF DEPTH INCREZNTS 
$=' ,FS.O) 

801 FORMAT(lX,'DRAINAGE COEFFICIENT(AS LIMITED BY SUBSURFACE OUTLET 
$)=',F5.2,'CM/DAY1/1X,'~CTuAL DEPTH FROM SURFACE TO IMPERMEABLE 
$LAYER=' ,F5.1,'CM1) 

802 FORYAT(IX,'SURFACE STORAGE THAT MUST BE FILLED BEFORE WATER CAN 
$MOVE TO DRAIN (FIG.2-12) =',F5.2,'CM1/1X,'FACTOR 4- IN KIRKHAM 
$EQ. 2-17 =',F10.2) 

810 FORMT(lX,'MINIMUM AIR VOL REQUIRED FOR TRAFFICABILITY FOR FIRST 
$WORK PERIOD(AMIN1)-',F5.2, 
$'CM'/lX,'MINIUM D4ILY RAINFALL TO STOP FIELD OPERATIONS FOR FIRST 
$PERIOD (XOUTAl)=' ,F5.2, 'CM'/ 
$lX,'MINIWM TIME AFTER R4IN BEFORE CAN TILL FIRST PERIOD (ROUTTI) 
$=' ,F5.0,'DAYS1, 
$/lX,'MINIXM AIR VOL REQUIRED FOR TRAFFICABILITY FOR SECOND WORK 
$PERIOD (AYIN2)-' ,FS.2, 
$'CM1/lX,'MINIUM DAILY RAINFALL TO STOP FIELD OPERATIONS FOR SECOND 
$PERIOD (ROUTA2)=' ,F5.2, 'CM' / 
$lX,'MINI?llM TIME AFTER RAIN BEFORE CAN TILL SECOND PERIOD (ROUTT2) 
$-',F5.0,'DAYS1) 

815 FORMAT(lX,'JULIAN D4TE TO BEGIN COUNTING WORK DAYS- 1ST PERIOD=', 
$1 3 
$/lX,'JULIAN DATE TO END COUNTING WORK DAYS- FIRST PERIOD=',I3/ 
$lX,'HOUR TO BEGIN WORK- FIRST PERIOD=',I2/ 



$lX,'HOUR TO END WORK-FIRST PERIOD-',12/1X,'JULIAN DATE TO BEGIN CO 
SUNTING WORK DAYS-SECOND PERIOD-' ,131 
$lX,'JULIAN DATE TO END COUNTING WORK DAYS- SECOND PERIOD='.I3/ 
$lX,'HOUR TO BEGIN WORK- SECOND PERIoD=',I~/ 
$lX.'HOUR TO END WORK- SECOND PERIOD=',IZ) 

820 FORVAT (lX,'MAXIMUM ROOTING DEPTH=' ,F5.1, 'CM' /1X, 'CRITICAL DEPTH W 
SET ZONE='.F5.1.'CM'/lX.'WILTING POINT='.F5.2/1X.'INITIAL WATER TAB 
$I,, DEPTH=;,F~.~ /~X,'WIDTH OF DITCH BOTTOM=' ,F5.i,'CM1/ 
$lX,'SIDE SLOPES OF DITCH=',F5.1,':11) 

822 FOR'IAT(///8X, 'DEPTH' ,9X, 'SATURATED HYDRAULIC CONDUCTIVITY' /) 
828 FORMAT(3X,F7.2,' - ',F7.2,12X,F11.5) 
830 FORMAT(~X/ /5X, 'DEPTHS OF WIERS FROM THE SURFACE' //lX, 'DATE ' ,9> 

$~,F~.O,~X,~~/',F~.O,~X,'~/',F~.~,~X,'~/',F~.~,~X,'~/',F~.~,~X, 
$,~3.0,3~,~7/',~3.0,3X,'8/' , F ~ . O , ~ X , ' ~ / ' , ~ ~ . O , ~ X , ' ~ O / ' , F ~ . O , ~ X ,  
$',F3.0,2X,'12/',F3.0) 

835 FORVAT(//~X,'INDICATER FOR DAILY SWRY=',I5) 
840 FOIL\iAT(IX, 'WIER DEPTH' ,12F8.1) 
850 FORY4T(lX,'FIRST DAY OF SURFACE IRRIGATION=',I2/1X, 

$'INTERVAL BETWEEN SURFACE IRRIGATION DAYSs',IZ/lX. 
$'STARTING HOUR OF SURFACE IRRIGATION='.I3/1X, 
$'ENDING HOUR OF SURFACE IRRIGATION=',I3/1X, 
$'NO SURFACE IRRIGATION INTWAL I=' ,I4,2X,I4/1X, 
S'NO SURFACE IRRIGATION INTERVAL 2=',14,2X,I4) 

860 FOWl4T(lX.'MINIY~ AIR REQUIRED TO HAVE SURFACE IRRIGATION='. 
$F~.~.'cM'/~x,'AMouNT OF RAIN TO POSTWNE SURFACE IRRIGATION-;, 
$F6.2,'CM1 /lX,'SURFACE IRRIGATION FOR ONE IIOUR=',l2F6.2,'CM') 

L/ 870 FOKmT(lX,'INDET-',I2,'WtIF:H 1NDET.R. 0 USE READ IN VALUES TO D E E  
2RMINE ET WHEN LIMITED BY SOIL CONDITIONS') 

900 FORMAT(lH1) 
910 FORMAT(2110) 
920 FORMAT(//~X,'DAY',~X,'RAIN',~X,'INFIL',~X,'ET',~X,'DRAIN',~X, 

$'AIR VOL',~X,'TVOL',~X,'DDZ',~X,'WETZ',~X,'~',~X,'STOR', 
$lX,'RUNOFF',2X,'WLOSS',3X,'YD',3X,'DRNST0',2X,'SEW',2X,'DMTSI') 

930 FORM.4T(2X,I3,8F8.2 ,8F7.2) 
940 FORXAT(lHO,15X,'MONTHLY VOLUMES IN CENTIMETERS FOR YE.4R1,16) 
950 FORMAT( 2X,'M0NTH',1X,'R41NFALL1,1X,'1NF1LTRAT10N',1X,'RUN0FF',1X, 

$*ORAINAGE~,~X,* ET , 'DRY DAYS I, 'WRKDAYS'. 
$ 1X ,'WATER LOSS',~X,'SEW',~X,'MIR'.~X,'MCN',~X,'PUMP',~X,'MPT 
3') 

960 FORMAT(1X,I3,F10.2,F11.2,F10.2,F8.2,F10.2,2F8.2, F11.2,F10.2, 
23X,F5.2,14,F7.3,14) 

990 FOWT(lHO/lX,'TOTALS'.7F9.2,4X,4F9.2) 
C 

RETURN 
END 

C 



C * 
C *A. INPUTS TO SUBROUTINE L I S T E D  I N  ORDER OF INPUT 
C * 
C * FDAYSI:  F I R S T  DAY OF WASTE WATER IRRIGATION ( JULIAN DATE). 
C * INTDAY: INTERVAL BETWEEN IRRIGATION (DAYS). 
C * IHRSTA: HOUR IRRIGATION STARTS. 
C * IHREND: HOUR IRRIGATION ENDS. 
C * NOIRR1: BEGINNIWG J U L I A N  DATE OF F I R S T  NO IRRIGATIOY INTERVAL. 
C * NOIRRZ: ENDING J U L I A N  DATE OF F I R S T  NO IRRIGATION IVTESVAL. 
C * NOIRR3: BEGINNING JULIA!! DATE OF SECOND YO IRRIGATION INTERVAL. 
C * NOIRR4: ENDING J U L I A N  DATE OF SECOWD NO IRRIGATION INTERVAL. 
C * REQDAR: hYOUNT OF DRAINED VOLUME OR AIR VOLUME, CM., BEFORE I R R I -  
C * GATION OF WASTE WATER IS  ALLOWED. 
C * AYTRN : MOUNT OF RAINFALL REQUIRED TO POSTPONE IRRIGATION TO m X T  
C * DAY. RAINFALL MUST OCCUR ON F I R S T  A3U9 OF SCHEDULZD I R R I -  

GATION. * 7 9 6 4  
k Y T S I M ( 1 )  : RATE OF IRRIGATION OF WASTEWATER (O!/HS) FOR EACH YO??TH;*A7954 

I F  AMTSIM<O,THE RATE IRRIGATED I S  (TAV+AMTSIM(I)) /TOFSIR " 5 7 9 6 4  
WHICH WOULD BE MAXIhRTM AMOUNT S O I L  WOULD ACCEPT OV TH4T DAY.*C7964 

AMTSI : RATE OF IRRIGATION OF WASTE WATER, CM/HR. * 797 .4  
DDRAIN: DEPTH OF DRAIN, CM. * 795.4 
HDRAIN: EQUIVALENT DEPTH FROY WATER SURFACE I N  DRAIN TO IYPERMEABLE * 7 9 9 4  

LAYER, CM. * 800 .4  
SDRAIN: DISTANCE BETWEEN TWO DRAINS, Chl. * 8 0 1 A  
STMAX : MAXIMUX OR AVAILABLE SURFACE DEPRESSION STORAGE, CM. * 8 0 2 4  
DEPTH : EFFECTIVE DEPTH M INPERHEABLE LAYER FROY S O I L  SURFACE,CY. * 8 0 3 4  

EFFECTIVE DEPTH MAY BE S'IALLER THAN ACTU4L DEPTH TO ACCOUNT * 8 0 4 4  
FOR CONVERGENCE NF,AR DRAIN TUBES. * 805.4 

XNI : NUNBER OF DEPTH INCREMENTS. * 8 0 6 4  
DC : DRAINAGE COEFFIC1ENT;READ I N  AS CM/DAY. * A 8 0 6 4  
ADEPTH: ACTUAL DEPTH FROM SURFACE TO IMPERMEABLE LAYER. *B806.4 
STORRO: SURFACE STORAGE THAT MUST BE F I L L E D  BEFORE SURFACE WlTSR *CRO64 

CAN WOVE TO THE DR4IN,CM,(FIG.2-12) .  *D806A 
GEE : FACTOR 4- I N  KIRKHAM'S EQ. (EQ. 2 - 1 7 ) .  *E806.4 
D Z ( 1 )  : DZFTH TO BOTTC)!l OF PROFILE LAYER I. * R07A 
CONK : LATERAL HYDRAULIC CONDUCTIVITY, CM/HR, OF A PROFILE L4YER. * 8 0 8 A  

E.G. CONK(Z) IS CONDUCTIVITY OF LAYER FROM n z ( i )  TO ~ z ( 2 ) .  * 8 0 9 4  
AMINC : MINIMUM A I R  VOLUME I N  PROFILE I N  ORDER NOT TO HAVE CROP * 8 1 0 A  

D-AMAGED, C*I. * 8 1 1 . 4  
NOPORT: AN INDICATOR TO CONTROL PRINTOUT: * 8 1 2 4  

NOPORT = 0 - MOXTHLY S W R I E S  * 8134 
NOPORT .GT. 0 - DAILY S lPPlARIES 81 4A 

DACHNG: THE DAY I N  A MONTH WHEN THE WEIR DEPTH IS  CHANGED TO D!JIER * 815 .4  
FOR THAT MONTH, I . E . ,  I F  DACHNG(3) = 5 .  THEN THE WEIR DEPTH * 8 1 6 A  
I S  CHANGED TO DWIER(3)  ON 5TH DAY OF THE MONTH OF MARCH. * 8 1 7 A  

DWIER : WEIR DEPTH FROY SURFACE, CX., FOR GIVEN MONTH. DWIER(2)  I S  * 818 .4  
DEPTH OF WEIR I N  MONTH 2 (FEB) .  * 8 1 9 A  

Bh'KDYl : BEGINNING J U L I A N  DAY OF F I R S T  WORK PERIOD. * 820 .4  
EWKDYl: ENDING J U L A I N  DATE OF F I R S T  WORK PERIOD. * 8 2 1 A  
SWKHR1: HOUR TO START WORK DURING PERIOD 1. * 8 2 2 A  
EWKHR1: HOUR TO END WORK DURING W O W  PERIOD 1. * 8234 
AMINI : MINIMUM A I R  VOLUME OR DRAINED VOLUME REQUIRED TO HAVE F I E L D  * 8 2 4 4  

O P E M T I O N S  DURING WORK PERIOD 1. * 325.2 
ROUTA1: RAINFALL REQUIRED TO STOP F I E L D  OPERATIONS DURING WORK * 8 2 6 . 4  

PERIOD 1. * 8 2 7 A  



ROUTT1: 

BWKDYZ: 
EWKDY 2 : 
SWKHR2 : 
EWKHR2 : 
AMIN2 : 

ROUTA2 : 

ROUTT2 : 

DITCHB: 

DITCHS : 
CRITD : 
UP 

DTWT : 

ISEWMS: 

ISEWDS: 
ISEWME: 
ISEWDE: 
SEWX : 

INDET : 

INWIER: 

I N S I R R :  

PERIOD 1. * 8 2 7 A  
DAYS REQUIRED TO DRAIN OR DRY F I E L D  SO OPERATIONS CAN CON- * 8 2 8 A  
TINUE DURING WORK PERIOD 1. * 8 2 9 A  
BEGINNING JULIAN DAY OF SECOND WORK PERIOD. * 8 3 0 A  
ENDING J U L I A N  DAY OF SECOND WORK PERIOD. * 831.4 
HOUR TO START WORK DURING WORK PERIOD 2. * 8 3 2 A  
HOUR TO END WORK DURING WORK PERIOD 2. * 8 3 3 A  
MINIMJM A I R  VOLUME OR DRAINED VOLUrlE REQUIRED TO HAVE F I E L D  * R34A 
OPERATIONS DURING WORK PERIOD 2. * 8 3 5 A  
RAINFALL REQUIRED TO STOP F I E L D  OPERATIONS DUQING WORK * 8 3 6 4  
PERIOD 2. * 8 3 7 A  
DAYS REQUIRED TO DR4IN OR DRY F I E L D  SO OPERATIONS CAN COY- * 8 3 S A  
TINUE DUBING WORK PERIOD 2. * 8 3 9 A  
BOTTOM WIDTH OF THE DITCH, CM., WHEN OPEN DITCAS USED FOR * 8 4 0 A  
DRAINS. EFFECTIVE WIDTH WHICH CONSIDERS STORAGE I N  OUTLET * 8 4 1 A  
WHEN DRAIN TUBES USED. * 8 4 2 A  
S I D E  SLOPE OF THE DITCH. * 843.4 
C R I T I C 4 L  DEPTH OF WET ZONE, CM. * 8 4 4 A  
WILTING FOINT OR S O I L  WATER CONTENT OF SURFAC",YER AT * 8 4 5 A  
LOWER L I M I T  OF A V A I L 4 B I L I T Y  TO PLANT. * 8 4 6 4  
DEPTH TO WATER TABLE AT BEGINING OF SIMUL4TION. NOT IN-  * 8 4 7 6  
I T I A L I Z E D  AT START OF EACH YEAR. * 8 4 8 A  
MONTH TO START CALCULATING SEW VALUES. 05 W 4 N S  START CAL- * 849.4 
CULATION I N  M4Y. * 8504 
DAY OF MONTH TO START CALCULATING SEW. * 8 5 1 A  
MONTH TO END SEW CALCULATION. * 8 5 2 A  
DAY OF MONTH TO END SEW CALCULATION. * 8 5 3 A  
DEPTH ON WHICH SEW CALCULATION I S  BASED, CM., E.G. SEWX-30 * 8 5 4 A  
MEANS SEW CALCULATED AS DIFFERENCE BETWEEN WATER TABLE DEPTH* 8 5 5 A  
DEPTH AND 30 0 4 .  I F  W.T. = 20 CM., SEW - 30 = 10 CM DAYS * 8 5 6 A  
FOR THAT D.4Y. 8 5 7 A  
INDICATOR VARIABLE. I F  INDET.GT.0, VALUES FOR UPWARD FLUX * 858.4 
VS. WATER TABLE DEPTH ARE READ I N  SUB. PROP TO CALCULATE * 8 5 9 4  
S O I L  L I M I T E D  ET.  IF INDET.LE.0, L I M I T I N G  DEPTH CONCEPT, * 8 6 0 4  
CRITD,  IS  USED FOR ET. * 8 6 1 A  
INDICATOR TO DETERMINE I F  SUBIRRIGATION IS USED. I F  INIJ IER * 8624 
.GE.O, SUBIRRIGATION I S  USED AND DEPTH OF WATER I N  [IUTLET I S *  8 6 3 4  

MAINTAINED AT WIER ELEVATION. IF  INWIER.LE.0 HAVE CONVENT- 8 6 4 4  
IONAL DRAINAGE OR CONTROLLED DRAINAGE I F  DWIER IS  ABOVE * 8 6 5 A  
BOTTOM OF DRAIN. * 8 6 6 A  
I F  I N S I R R  .CX. 0,FOSTPONE IRRIGATION T I L L  NEXT D4Y WHEN * A 8 6 6 4  
TAV .LT. REQDAR. IF  I N S I R R  =O,SKIP  IRRIGATION FOR TAV .LT. *B866A 
REQDAR . *C866A 

C *  A 
C 
C * ADRYDY: 
C * 
C * AET : 

L C * AVOL : 
C AVOL1 : 
C * AWETDY: 
C * 

CONSTANT I N  GREEN-AHPT INFILTRATION EQUATION OBTAINED RY * 8 7 0 A  
INTERPOLATION. * 8 7 1 4  
SUM OF DRY DAYS FOR A GIVEN MONTH OVER ALL PAST YEARS * 872.4 
SIMULATED. * 8 7 3 A  
TOTAL DAILY ET. * 8 7 4 A  
A I R  VOLUME OR DRAINED VOLUME I N  WET ZONE. * 8 7 5 A  
ANOTHER VARIABLE FOR A I R  VOLUHE I N  WET ZONE * 8768 
SUM OF WET DAYS FOR A GIVEN MONTH OVER ALL PAST YEARS * 8 7 7 A  
SIMULATED. * 8 7 8 A  



AWRKDY: SUM OF WORK DAYS FOR A GIVEN MONTH OVER ALL PAST YEARS * 8 7 9 A  
SIMULATED. * 8 8 0 A  

B : CONSTANT I N  GREEN-AYPT I N F I L T R A T I O N  EQUATION OBTAINED BY * 8 8 1 A  
INTERPOLATION. * 8 8 2 A  

CHECK : INDEX. * 8 8 3 A  
CONE : EFFECTIVE LATERAL HYDRAULIC CONDUCTIVITY, CM/HR. * 884.4 
CRITAV: A I R  OR DRAINED V O L U X  CORRESPSNDING TO C R I T I C A L  DEPTH. * 8854 
DAYM : N W E R  OF DAYS A MONTH, E.G., DAYM(6) = DAYS I N  JUNE = 30. * 8 8 6 A  
D A m T  : NUMBER OF DAYS OF THE X O M H .  * 8 8 7 A  
DDT : TIME INCREMENT. * 8 8 8 A  
DDZ : DEPTH OF DRY ZONE, CM. * 8 9 9 A  
DEBT : THE AMOUNT OF WATER I N  CM THAT HAS BEEN RMOVED FROM DRY * 8 9 0 4  

ZONE BY ET. * 8 9 1 4  
DEEPET: DIST4NCE FROM BOTTOM OF ROOT ZONE TO IMPERMEABLE LAYER. * 8 9 2 A  
DELT : TIME INCREXENT. * 8 9 3 A  
DELTWK: THE FRACTION OF THE DAY WHICH IS  SUITABLE FOR WORK. I E .  * 8 9 4 A  

DELTWK = 0.5 MEANS T H I S  DAY HAS 0.5 WOKK DAYS. * 8 9 5 A  
DELX : DEPTH INCREMENT, CM. * 8 9 6 A  
DF : CHANGE I N  I N F I L T R A T I O N ,  CM., DURING TIME INCREMENT, DDT. * 897 .4  
DFLUX : DRAINAGE FLUX, CMIHR. * 898.4 
DROOT : EFFECTIVE ROOT DEPTH FOR A J U L I A N  DATE; E.G. DROOT(155)  I S  * 8 9 9 A  

ROOT DEPTH FOR DAY 155. * 9 0 0 A  
DRYDAY: A DAY WHEN AMOUNT OF S O I L  WATER S U P P L I E D  TO THE PLANTS I S  * 9 0 1 A  

L E S S  THAT P E T  FOR THAT DAY. * 9 0 2 4  
DSTOR : DIFFERENCE I N  SURFACE STORAGE FROM ONE HR. TO NEXT OR FROM * 9 0 3 A  

ONE DAY TO NEXT. * 9 0 4 A  
DT : TIME INCREMENT, HOUR. * 905.4 
DTWT : DEPTH TO WATER TABLE. * 906.4 
DVOL : DRAINAGE VOLUME, CM. SUMMED SO = TO DAILY DRAIN VOLUME AT 6 9 0 7 A  

* 9 0 8 A  

d 
END OF DAY. 

DVOLl  : ESTIMATE OF DRAINAGE VOLUME, CM., FOR T I X E  INCREMENT DT. * 9094 
DVOL2 : ANOTHER ESTIMATE OF DRAINAGE V O L W ,  CM., FOR TIME INCRE- * 9 1 0 A  

XENT DT. * 9 1 1 4  
DVOLM : TOTAL YONTHLY DRAINAGE VOLUME, CH. * 9 1 2 4  
DWRKDY: THE FRACTION OF A WORK DAY I N  A GIVEN HOUR. * 9134 
EDTWT : E F F E C T I V E  DEPTH TO WATER TABLE - ASSUMING TOTAL AIR VOLUME * 9 1 4 A  

WAS I N  THE WETZ. * 9 1 5 A  
E T  : EVAPOTRANSPIRATION, I N .  E T ( 2 )  = E T  FOR 2ND DAY OF THE * 9 1 6 4  

MONTH. * 9 1 7 A  
F : I N F I L T R A T I O N  FOR HOUR. F(2) MEANS I N F I L T R A T I O N  FOR 2ND HOUR* 9 1 8 A  

OF THE DAY, CM. * 9 1 9 A  
F1 : D W  VARIABLE FOR F .  * 9 2 0 A  
F 2  : DUMMY VARIABLE FOR F. * 9 2 1 A  
FRATE : I N F I L T R A T I O N  RATE, CMIHR. F R A T E ( 6 )  MEANS INFILTRATION RATE * 9 2 2 A  

I N  MIHR AT THE END OF THE 6TH HOUR OF THE DAY. * 9 2 3 A  
FVOL : HOURLY OR DAILY I N F I L T R A T I O N ,  CM. * 924.4 
FVOLM : TOTAL MONTHLY I N F I L T R A T I O N ,  CM. * 9 2 5 A  
H : PRESSURE HEAD, CM. * 9 2 6 A  
HET : CALCULATED HOURLY E T ,  CM. H E T ( 5 )  MEANS CALCULATED E T  FOR * 9 2 7 A  

THE 5TH HOUR OF THE DAY. * 9 2 8 A  
HOUR : HOUR OF THE DAY. * 9 2 9 A  
HOURLY: HOURLY RAINFALL,  I N .  HOURLY(54) - HOURLY RAINFALL FOR 5 4 T H  * 9 3 0 A  

HOUR OF THE MONTH. * 931.4 
HSEW : HOURLY SEW, CM-HRS. * 9 3 2 A  
IAVOL : INTEGER VARIABLE FOR MODIFIED A I R  VOLUME, C?I, THAT COULD BE * 9 3 3 A  



USED TO F I N D  WET ZONE DEPTH AS,  WETZ - WTD(IAV0L).  * 9344 
IDTWT : I N I T I A L  WTD, * 9 3 5 A  

I N D  2 MEANS DAY FALLS WITHIN SECOND WORK PERIOD. * 9 3 6 A  
IND : AN INDICATOR. IND 1 MEANS DAY FALLS WITHIN F I R S T  WORK * 9 3 7 A  

PERIOD. * 9 3 8 A  
I P O S T  : NDlBER OF TIMES SCHEDULED SURFACE IRRIGATION I S  POSTPONED. * 9 3 9 A  
IPOSTM: TOTAL MONTHLY T I Y E S  POSTPONE SURFACE IRRIGATION.  * 9 4 0 A  
I R  : CALENDAR YEAR. * 9 4 1 A  
I R 1  : I N D I C E S  USED TO F I N D  EACH YEAR. * 9 4 2 4  
I R 2  : I N D I C E S  USED TO F I N D  EACH YEAR. * 9 4 3 4  
I R A I N  : F I R S T  HOUR RAINFALL RECORDED FOR THAT DAY. * 9 4 4 A  
IRRDAY: TOTAL DAYS WHEN HAVE SURFACE IRRIGATION. * 9 4 5 A  
ISICNM:  TOTAL MONTHLY TIMES HAVE SURFACE IRRIGATION.  * 9 4 6 A  
I S I C N T :  NUMBER OF TIMES HAVE SURFACE IRRIGATION.  * 9 4 7 A  
I S K I P  : NUMBER OF TIMES SCHEDULED SURFACE IRRIGATION I S  S K I P P E D  TO * 9 4 8 A  

NEXT DAY. * 9 4 9 A  
I S K I P M :  TOTAL MONTHLY TIMES S K I P  SURFACE IRRIGATION TO NEXT DAY. * 9 5 0 A  
IWER : INDEX = WET2 + 1. * 9514 
IEDYR : END YEAR OF S I M m 4 T I O N .  * 9 5 2 4  
I R Y  : CALENDAR YEAR. 9 5 3 4  
IYEAR : NUHBER OF YEARS I N  SIMULATION. * 9 5 4 A  
J : INDEX. * 9554 
JDAY : J U L I A N  DAY OR DATE. * 9 5 6 A  
K : INDEX. * 9 5 7 A  
KRAIN : INDEX. * 9 5 8 A  
L : INDEX. * 959 .4  
LOOP : INDEX TO S K I P  THE INPUT AND I N I T I A L I Z A T I O N  AFTER F I R S T  TIME * 9 6 0 A  

THROUGH THE SIMULATION. * 9 6 1 4  
LRAIN : J A S T  HOUR WHEN I T  RAINED DURING THE DAY. * 9 6 2 A  
MO : MONTH OF THE YEAR (5  MEANS MAY, ETC.). * 9 6 3 A  
N I  : ( X N I  + 1) N m E R  OF NODE WINTS. * 9 6 4 A  
PDEBT : POTENTIAL DEBT, MAXIMUM WATER THAT CAN BE USED FROM ROOT * 9 6 5 A  

ZONE, CM. * 9 6 6 A  
P E T  : POTENTIAL ET.  * 9678 
PUMPV : AMOUNT OF SUBIRRIGATION,  CM. * 9 6 8 4  
PUMPVM: TOT.4L MONTHLY SUBIRRIGATION,  CM. * 969.4 
R (  ) : RAINFALL I N  CM HAS DIMENSION 24, INDICATING RAINFALL FOR ANY* 970.9 

HOUR DURING THAT DAY, E.G., R ( 4 )  MEANS RAINFALL BETWEEN * 9 7 1 A  
HOURS OF 3 TO 4 OF THAT DAY. * 9 7 2 A  

RAT1 : DUMMY VARIABLE FOR I N F I L T R A T I O N  RATE. * 9 7 3 . 4  
RAT2 : D M  VARIABLE FOR I N F I L T K 4 T I O N  RATE. * 9 7 4 A  
RCATE : INDEX. * 9 7 5 9  
RDT : TIME BETWEEN LAST RAINFALL I N  PREVIOUS DAY AND F I R S T  RAIN- * 976.4 

FALL ON PRESENT DAY, HRS. * 9 7 7 A  
RO : DAILY RUNOFF, CM. * 978.4 
ROM : MONTHLY RUNOFF VOLUME, CM. * 9 7 9 A  
ROOTD : ROOT DEPTH, CM. ROOTD(125)  I S  ROOT DEPTH ON J U L I A N  DAY 125.* 9 8 0 A  

ROOTD(1) INTERPOLATED FROM DATA READ I N  SUBROUTINE ROOT. * 9 8 1 A  
RUNOFF: RUNOFF VOLUME, CM. * 932.4 
RVOL : TOTAL DAILY RAINFALL. * 9 8 3 A  
RVOLM : TOTAL MONTHLY RAINFALL,  CM. * 9 8 4 A  
SEW : YEARLY SUM OF EXCESS WATER. * 9 8 5 ~  
SEWD : SEW VALUE FOR DAY. * 9 8 6 A  
S E W  : TOTAL MOMTHLY SEW, CM-DAYS. * 9 8 7 A  

C * SIRRMO: TOTAL MONTHLY SURFACE IRRIGATION,  CM. * 9884 



c * SPR : TOTAL WATER AVAILABLE FOR INFILTRATION IN TIME DDT, sun OF * 9 8 9 A  
C * STOR + RAINFALL DURING DDT. * 9 9 0 A  
C * STOR : SURFACE STORAGE, CM. * 9914 & 
C * S T O R l  : TEMPORARY VARIABLE FOR SURFACE STOR4GE. * 9 9 2 4  
C STOR2 : TEMPORARY VARIABLE FOR SURFACE STORAGE. * 993.4 
C * SUMAET: MONTHLY TOTAL OF ET; SUMAET(10) H E M S  TOTAL E T  FOR OCTOBER. * 994.4 
C * SUMET : TOTAL YEARLY E T ,  CM. * 995.4 
C * TAV : TOTAL A I R  VOLUME I N  S O I L  PROFILE;  SUM OF AVOL AND DEBT. * 9 9 6 A  
C * TAVI  : DUMMY VARIABLE FOR TAV. * 9 9 7 4  
C * T O F S I R :  TIME OF SURFACE 1RRIGATION.HOURS. * 4 9 9 7 A  
C * TOSIRR: TOTAL YEARLY IRRIGATION.  * 9 9 8 A  
C TOTD : TOTAL YEARLY DRAIN4GE, CX. * 9 9 9 6  
C * TOTDD : TOTAL YEARLY DRY '4YS. *1000!. 
C * TOTF : TOTAL YEARLY INFILTRATION,  0 4 .  * 1 0 0 1 A  
C * TOTFD : TOTAL YEARLY WATDAYS. * 1 0 0 2 A  
C * TOTNT : TOTAL YEkRLY WET DAYS. * l o 0 3 4  
C * TOTR : TOTAL YEARLY RAINFALL,  CM. * l o 0 4 4  
C * TOTRO : TOTAL YEARLY RUNOFF, CM. *1005.4 
C * TOTWD : TOTAL YEARLY WORK DAYS. * 1 0 0 6 A  
C * TOTWF : TOTAL WATER RMOVED FROM F I E L D  BY SURFACE AND SURSURFACE * l o 0 7 4  
C * DRAINAGE - DOES NOT INCLUDE WATER STORED I N  DITCHES THEN * 1 0 0 8 A  
C * SUB IRRIGATED. * 1 0 0 9 A  
C * TPUMPV: TOTAL YEARLY SUBIRRIGATION, CM. *1010.4 
C * TVOL : TOTAL A I R  VOLUME I N  S O I L .  * 1 0 1 1 A  
C * TWLOSS: TOTAL MONTHLY WATER LOST FROM SYSTEM. * 1 0 1 2 A  
C * U P 0  : MAXI?lUM UPWARD FLUX CORRESPONDING TO A GIVEN WET ZONE DEPTH,*1013A 
C * CMIHR. * I 0 1 4 4  
C * UPVOL : UPWARD FLOW I N  GIVEN TIME INCREMENT, CM. * l o 1 5 4  
C *  W : VOLlMETRIC WATER CONTENT, DIMEMSIONLESS. * l o 1 6 4  
C * WATER : VOLUMETRIC WATER CONTENT, DIMENSIONLESS. WATER(9) MEANS * 1 0 1 7 A  

d 
C * WATER CONTENT WHEN PRESSURE HEAD I S  8 CM (FRO14 S O I L  WATER *1018.4 
C * CHARATERISTICS).  *lo194 
C * WATDAY: A DAY WHEN WATER TABLE IS  HIGH ENOUGH TO CAUSE CROP D M 4 G E .  * 1 0 2 0 A  
C * WETDAY: A DAY WHEN I T  IS  TOO WET TO CONDUCT TILLAGE (WETDAY). * 1 0 2 1 A  
C * W E E  : DEPTH OF WET ZONE, CM. * 1 0 2 2 A  
C * WLO : ANOTHER VARIABLE FOR WLOSS FOR TIME IF  l H R ,  2HR,  OR 1 DAY. * 1 0 2 3 A  
C * W S S  : DAILY WATER LOSS,  CM. * l o 2 4 4  
C * WRKDAY: THE DAYS WHEN T I L U G E  CAN BE CONDUCTED (WORKDAY). * 1 0 2 5 A  
C * WTD : WATER TABLE DEPTH, CM. WTD(55)  MEANS WTD WHEN A I R  VOLUME I S * 1 0 2 6 . 4  
C * (55-1)/10 - 5.4 Of. *1027.4 
C *  X : DEPTH INCREMENT, CM. * l o 2 8 4  
C *  XV : REAL VARIABLE FOR IAVOL. * I 0 2 9 4  
C * YEARS : NUMBER OF YEARS SIMULATED; USED TO F I N D  AVERAGES. *lo304 
C * YDEBT : DEBT AT END OF PREVIOUS DAY, CFI. *lo314 
C * YESF : YESTERDAY'S I N F I L T R A T I O N ,  CM. * l o 3 2 4  
C * YSUMET: TOTAL YEARLY ET.  *lo334 
C *************************************************************************1034A 

C . 1 B  
SUBROUTINE PROP(WTD,VOL.WATER,AA,BB,UPFLUX) 2 9  

C 3 B  
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 B  

C * T H I S  SUBROUTINE READS I N  S O I L  WATER CHARACTERISTIC, INTERPOLATES * 5 B  
C * VALUES, AND CALCULATES RELATIONSHIP BETWEEN WATER TABLE DEPTH AND * 68 
C * DRAINAGE VOLUME. .* 7 B  j) 
C * AS AN ALTERNATIVE CAN READ I N  DRAINED VOLUME - WATER TABLE DEPTH * 88 



L C * RELATIONSHIP WHICH MAY ALSO INCLUDE UPWARD FLUX VALUES. * 
C * A TABLE OF CONSTANTS FOR THE GREEN - AMPT INFILTRATION EQUATION FOR * 
C * VARIOUS WATER TABLE DEPTHS IS READ IN AND INTERRILATED. * 
C * ALL SOIL PROPERTIES ARE STORED IN ARRAYS SO THAT THEY CAN BE EASILY * 
C * RECALLED KNOWING THE WATER TABLE DEPTH. * 
C ......................................................................... 
C 
C READ SOIL PROPERTIES AND STORE THE INFORUTION INTO 
C PROPER ARRAYS BY INTERWLATION 

DIMENSION T H E T A ( ~ ~ ) , Y E ~ D ( ~ ~ ) , H ( ~ ~ ~ ) , W A T E R ( ~ ~ ~ ) , V O L ( ~ ~ ~ ) , W T D ( ~ ~ ~ ~ )  
DIMENSION D(10) ,E(10) ,F(10) ,AA(5OO) ,BB(500) 
DIMENSION AIA(500) ,BIB(5OO) 
DIYENSION XVOL(lOO),X(lOO) 
DIMENSION UPFLUX(500),FLUX(lOO) 

C 
c '--------------------------------------------------------------------l 

I I 

C f THE FOLLOWING SECTION READS IN SOIL WATER CH4RACTERISTIC, AND CAL- 
C f CULATES RELATIONSHIP BETWEEN DRAINED VOLUME AND WATER TABLE DEPTH. I 

1 c '----------------------------------------------------------------------l 
I I 

C 
READ(1,900) NIM, IVRE4D 
READ(l,905)(THETA(I),HEAD(I),I=l,NUM) 

C DATA READ IN ORDER OF DECREASING WATER CONTENT 
DO 5 I = 1 , m  

5 HE4D(I) = -3EAD(I)+1.0 
111 
WATER(1 )=THETA(l) 
P=WATER(I) 
VOL ( 1 )=O 
DO 10 J = 2,500 
AJ = J 
IF(AJ.GT.HEAD(I+~))I-1+1 
A1 = I 
A1M-I -1 
WATER(J) - THETA(1 )+(AJ-HEAD(I )) /(HEAD(I+~ )-HEAD(1 ))* 
C(THETA(I+l)-THETAU)) 
AVG = (WATER(J)+WATER(J-1)) 12 
VOL(J) = VOL(J-1) + P-AVG 

10 CONTINUE 
C 
c I-----------------------------------------------------------------l 1 

C I THE FOLLOWING READS TABULAR VALUES FOR W.T. DEPTH VS. DRAIN4GE VOLUME f 
C I AND 'UPWARD FLUX. I 

I 

C THE NLMBER OF VALUES READ IS IVREAD. I 
I 

C IF IVREAD .LE. 0, USE AROVE W.T.D.-VOL. RELATIONSHIP AND CRITICAL I 
I 

C I DEPTH CONCEPT FOR UPWARD FLUX. I 
I c '--------------------------------------------------------------------l 

I I 

C 
IF(IVREAD.LE.0) GO TO 14 

C IF WATER VOL VS. WATER TAR DEPTH IS READ IN GO TO NEXT STEPS 
READ(l,930)(X(I),XVOL(I),FLUX(I),I=l,IVREAD) 
DO 12 I=l,IVRw 

12 X(1)-X(I)+l.O 
UPFLUX(1 )=FLVX(l) 
VOL(1 )-XVOL(1) 



I=l 64B 
W 11 ~ ~ 2 , 5 0 0  
XL=L 66R 65B d 
IF(XL.GT.X(I+l))I=I+l 678 
XI=I 68R 
XIY=XI -1. 695 
UPFLUX(L)=FLUX(I )+((XL-X(I )) /(X(I+l)-X(I)))*(FLUX(I+l )-FLUX(1)) 70B 

11 VOL(L)-xVOL(I)+((XL-X(I))/(X(I+1)-X(I)))*(XVOL(I+1)-xVOL(I)) 71B 
C 72R 
c 1 738 
C I CONVERT TO ARRAY SO CAN DIRECTLY DETERMINE WATER TABLE DEPTH (OR WET I 74B 
C ZONE DEPTY) IF KNOW AIR VOLUVE. 1 75B 
c 1 7hB 
C 77R 

14 CONTINUE 788 
DO 15 K = 1,500 798 

15 VOL(K) = VOL(K)*10.0+1.0 80B 
1 = 2  81B 
A1 = I 828 
WTD(1) = 0 83- 
DO 25 L = 2,500 84R 
A L = L  85B 
ALM - AL-1.0 868 
IF(VOL(L).LT.AI) GO TO 25 87B 

20 WTD(1) = ALhi + (AI-VOL(L-1)) /(VOL(L)-VOL(L-1 ))-I .0 88R 
I - 1 + 1  894 
A1 = I 
IF(VOL(L).GT.AI) GO M 20 

25 CONTINUE 
E 
92B 

!JRITE(6,915) 9 3B 
DO 30 1=1,500 948 
VOL(1) = O.l*(VOL(I)-1.0) 95R 
XI = I 96B 
A1 = O.l*(XI-1.0) 97B 
BI = 1-1 98B 
AIA(1 )=A1 995 
BIR(1 )=BI lOOB 

30 CONTINUE lOlB 
DO 50 I=1,500,10 1028 

50 WRITE(~,~~~)AIA(I),WTD(I),BIB(I),WATER(I),V~L(I),UPFLUX(I) 1033 
c ;---------------------------------------------------------------------- 1 1048 
C I READ IN INFILTRATION CONST4NTS FOR GREEN-AMPT EQUATION AND INTERPOLATE I 105B 
c I 106R 

READ(1,900 )NU% 107B 
READ(1,920)(D(I),E(I),F(I),I=l,NLMA) 108B 
WRITE(6,940) A108B 
WRITE(6,945) (D(I),E(T),F(I),I=l,NLFIA) B108B 
AA(1 )SO. 109B 
BB(l)=O. llOB 
1=1 lllB 
5-2 112B 
XJ-J-1 1138 

35 IP=I+l 114B 
RATIO=(XJ -D(I))/(D(IP)-D(1)) 1150 
AA(J)-E(I)+RATIO*(E(IP)-E(1)) ll6B 



XJ=J-1 1198 
IF (XJ.GT.D(IP))I=I+l 1205 
IF(I.GE.NUMA)GO TO 45 121B 
GO TO 35 1225 

45 CONTINUE 123B 
900 FORMT (212 ) 124R 
905 FORMAT(E10.2,10X,E10.2) 1258 
910 FORYAT(lOX,6F20.4) 126B 
915 FORI.IAT(lH1,40X,'SOIL WATER CHARACTERISTICS AND RELATIONSHIP1/ 127R 

$ 38X,'BETWEEN WATER TABLE DEPTH AND DRAINED(V0ID) VOLUME'// 12RB 
$ 18X,'VOLUME OF VOIDS',4X,'WATER TABLE DEPTH', 129B 
$ 9X,'HEAD',lLX,'WATER CONTENT',lX,'VOLUME VOIDS ABOVE W.T.', 130B 
$ 3X,'UPFLUX1) A130B 

920 FORMAT(3E10.2) 131B 
940 FORMAT(///~OX,'GREEN AMPP INFILTRATION PARAMETERS'/~~X,'W.T.D.', A131R 

$ 9X,'A',9X,'B1) R131B 
945 FORT4T(9X.3F11.3) C131R 
930 FORMAT(3F10.4) 1323 

RETURN 133R 
END 1348 

C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1358 
C * DEFINITION OF TERMS IN SUBROUTINE PROP * 136R 
C * * 137B 
C *A. INPUTS TO SUBROUTINE LISTED IN ORDER OF INPUT 
c *  

* 138B 
* 139B 

C * NUM : NUMBER OF THETA VS. PRESSURE HEAD POINTS RWD TO INPUT SOIL * 140B 
C * WATER CHARACTERISTIC. * 141B 
C * IVREAD: THE NUMBER OF POINTS TO BE READ IN FOR THE WTD-DUIN4GE * 142B 
C * VOLUME-UPWARD FLUX RELATIONSHIP. WHEY CRITICAL DEPTH CON- * 1435 
C * CEIT IS USED, READ 0.0 FOR UPWARD FLUX. * 144B 
C * THETA : WATER CONTENT VALUE ON SOIL WATER CHARATERISTIC. * 145R 
C * HEAD : PRESSURE HEAD V4LUE ON SOIL WATER CHARATERISTIC, CrI. * 1468 
C * X(1) : WATER TABLE DEPTH TN RELATION OF WTD AND DRAINAGE VOLUME.CM.* 147B 
C * XVOL : AIR VOLUME OR DRAINED VOL. IN RELATION OF WTD AND DRAINED, * 148B 
C * CY. * 149B 
c * FLUX : UPWARD FLUX IN RELATION TO WTD, CMID~Y. * 150B 
C * NUMA : NUMBER OF POINTS TO READ IN FOR RELATIONSHIP BETWEEN COEF- * 151B 
C * FICIENTS OF GREEN-AMPT INFILTRATION EQUATION AND WATER TABLE* 1528 
C * DEPTH. * 15373 
C * D(I) : WATER TABLE DEPTH. * 1548 
C * E(I) : GREEN-AMPT INFILTRATION COEFFICIENT A FOR WTD D(1). * 155B 
C * F(1) : GREEN-AMPT INFILTRATION COEFFICIENT B FOR WTD D(I). * 1568 
c *--------------------------------------------------------------------- * 15773 
C *B. OTHER PROGRAM VARIABLE IN PROP * 158R 
C * AA : CONSTAW A OF INFILTRATION EQUATION INTERPOLATED FROM E AND * 159R 
C * F VALUES READ IN AND STORED FOR INTEGER WTD FROM TO 500 CM. * 160R 
C * STORED VALUES. * 161B 
C * BB : CONSTANT B OF INFILTRATION EQUATION INTERPOLATED FROM E AND * 162B 
C * L c *  

F VALUES READ IN AND STORED FOR INTEGER WTD FROM TO 500 CM. * 163B 
STOWD VALUES. * 1645 

C * VOL : AIR VOLUME ABOVE WTD (INTERPOLATED FROM XVOL VS X DATA READ * 165B 
C * IN OR CALCULATED FROM SOIL WATER CHAR4TERISTIC. * 166B 
C * WATER : VOLUMETRIC WATER CONTEm, INTERPOL4TED FROX SOIL WATER * 167R 



C * CHARATERISTIC FOR INTEGER VALUES OF PRESSURE HEAD FROM 0 TO * 168B 
C * 500 CY. * 169B 
C *  WTD : W A T E R T A B L E D E P T H I N C M ( F R O M O T O 5 0 0 C M ) , W T D ( 1 ) = 0 . 0 ,  *170B d 
C * WTD(51) = WATER TABLE DEPTH CORQESPONDING TO AN AIR VOLUME * 1719 
C * OF (51 - 1)/10 = 5.0 CM, ETC. THEREFORE IF THE AIR VOLUME * 1728 
C * X Dl THE CORRESPONDING WATER TABLE DEPTH WOULD BE 'WTD(lOX+l)* 1738 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  174B 
C 1C 

SUBROUTINE SURIRR 2C 
C 3C 
C ......................................................................... 4C 
C * THIS SUBROUTINE DETERMINES IF CONDITIONS ARE SUITABLE FOR SURFACE * 5C 
C * IRRIGATION FOR WASTE WATER DISPOSAL. * 6C 
C * IT ALSO COUNTS THE NUMBER OF IRRIGATION DAYS, SKIPS, AND * 7C 
C * POSTPONEYENTS. * 8C 
C ......................................................................... gc 
C 10C 

INTEGER FDAYSI AlOC 
COMMON/ICNT/ISICNT,ISKIP, IPOST, IK, IPCNT 11c 
COMMON/JCNT/JSICNM,JSKIPM,JPOSTM 12c 
COMMON/IDAY/FDAYSI ,NDAYSI , INTOAY ,NOIRRl ,NOIRRP,NOIRR3 ,NOIRR4 13C 
COMMOV/IHR/IHRSTA,IHREND,INSIRR 14c 
CO~ON/PAR/TAV,REQDAR,AYTRN,AMTSI,DAMTSI 15c 
CONXON/RAIN/R(24) 16C 

C 17C 
IF(NDAYSI.GE.NOIRRl.AND.NDAYSI.LE.NOIRR2)GO TO 30 18C 
IF(TAV .LT. REQDAR .AND. INSIRR .GT.O) GO TO 20 A18C 
IF(TAV .LT. REQDAR) GO TO 10 19C i) 
IF(R(IHRSTA).GT.AMTRN) GO TO 20 20C 
IHRPl=IHRSTA+l 21C 
W 5 I-IHRP1,IHREND 22C 
R(I )=R(I)+AMTSI 23C 

5 CONTINUE 24C 
DAYTSI=AqSI *(IKREND-IHRSTA) 2 5C 
JSICNM=JSICNM+l 26C 
ISICNT=ISICNT+l 27C 
GO TO 15 28C 

C 29C 
10 ISKIP=ISKIP+l 30C 

JSKIPM=JSKIP"I+l 31C 
15 NDAYSI=FDAYSI+INTDAY*(ISICNT+ISKIP+IK) 32C 

IPCNT-0 A32C 
GO TO 25 33C 

C 34C 
20 NDAYSI=NDAYSI+l 35C 

IPOST-IPOST+l 36C 
JPOSTM-JPOSTM+l 37C 
IPCNT=IPCNT+l A37C 
IF(1PCNT .GE. 2) GO TO 10 B37C 

25 IF(NDAYSI.GE.NOIRRl.AND.NDAYSI.LE.NOIRR2) GO TO 30 38C 
C 39C 

RETURN 40C 
30 MDAYSI-NDAYSI 
W 35 I=MDAYSI,NOIRRZ,INTDAY 42C 
IK-IK+1 

41C d 
43C 



FDAYSI: 
IHREND: 
IHRPl : 
IURSTA: 
IK : 

INTDAY: 

IPCNT : 

IPOST : 

IRRDAY: 
ISICNT: 
ISKIP : 

JPOSTM: 
JSICNM: 
JSKIPM: 
XDAYSI: 
NDAYSI : 

* 52C 
DEFINITION OF TERNS IN SUBROUTINE SURIRR * 51C: 

FIRST DAY (JULIAN) OF SURFACE IRRIGATION. * 53C 
ENDING HOUR OF SURFACE IRRIGATION. * 54C 
INDEX = IHReND + 1. * 55C 
STARTING HOUR OF SURFACE IRRIGATION. * 56C 
INDEX TO KEEP THE COUNT OF DAYS WHEN THERE ARE NO SURFACE * 57C 
IRRIGATION INTERVALS (E.G., SOMETIMES NO SURFACE IRRIGATION * 58C 
DURING XARCH OR APRIL). * 59C 
THE INTERVAL IN DAYS BEFORE THE NEXT DAY SURFACE IRRIGATION * 60C 
COMES. * 61C 
A COUNTER FOR THE NUMBER OF TIMES IRRIGATION POSTPONED SINCE* A61C 
LAST IRRIGATION B61C 
NUMBER OF POSTPONEMENTS OF SURFACE IRRIGATION, ACCUMULATES * 62C 
FOR A YEAR. * 63C 
IRRIGATION DAY, COUNT OF TOTAL DAY9. * 64C 
NWBER OF SURFACE IRRIGATION EVENTS ACCUMULATES FOR A YEAR. * 65C 
NU?fBER OF SKIPS OF SURFACE IRRIGATION EVENTS ACCUMULATES FOR* 66C 
A YEAR. * 67C 
NUMBER OF MONTHLY F3STPONEMENTS OF SURFACE IRRIGATION (SI). * 68C 
NUMBER OF MONTHLY SI EVENTS. * 69C 
NUMBER OF MONTHLY SKIPS OF SI EVENTS. * 70C 
INDEX FOR NDAYSI. * 71C 
NEXT PLANNED DAY FOR SI. * 72C - - 

OTHER TERMS ARE DEFINED IN FORSUB * 
c ......................................................................... 
C 

SUBROUTINE ETFLUX ( AVOL .DEBT, FVOL , DVOL , UPVOL . WTET, ACTET , PDERT) 
C 
C ......................................................................... 
C * THIS SUBROUTINE DETERYINES ACTUAL HOURLY OR DAILY ET BASED ON PET AND * 
C * UPWARD FLUX FROM THE WATER TABLE. * 
C IF UPWARD FLUX IS INSUFFICIENT TO SUPPLY ET DEMAND, WATER IS REMOVED * 
C * FROM ROOT ZONE TO MAKE UP THE DIFFERENCE. * 
C * IF ROOT ZONE WATER IS NOT AVAILABLE, ET IS LIMITED. f 

C ......................................................................... 

IF(DEBT.GP.O.0) GO TO 50 
IF(UPVOL.LT.POTET) GO TO 25 
ACTET-POTET 
DEBT-0 .O 
AVOL=AVOL+DVOL+ACTET-FVOL 
RETURN 

25 DSBT-DEBT-FVOL 
XXD-DEBT+POTET-UPVOL 
IF(DEBT.GE.O.O)GO TO 28 
ACTET-POTET 
AVOL=AVOL+DVOL+DEBT+ACTET 



DEBT=O. 0 
R E T ~ N  

28 IF(XXD.GT.PDEBT)GO TO 30 
ACTET-POET 
DERT=DEBT+POTET-UPVOL 
AVOL=AVOL+DVOL+UPVOL 
RETURN 

30 ACTETEPDEBT-DEBT+UPVOL 
IF(ACTET.E.O.0) GO TO 31 
ACTET=O. 0 
DEBT=DEBT-UPVOL 
AVOL=AVOL+DVOL+UPVOL 
RETURN 

31 CONTINUE 
DEBT-PDEBT 
AVOL=AVOL+DVOL+UPVOL 
RETURN 

50 IF(POTET.GT.UPVOL) GO TO 25 
EXCESS-UPVOL -POTET 
ACTET-POTET 
DEBT-DEBT-FVOL 
YDEBPDEBT 
DEBTIDEBT-EXCESS 
IF(DEBT.LT.O.O)GO M 60 
AVOL=AvOL+DVOL+UPVOL 
GO TO 70 

60 AVOL=AVOL+DVOL+ACTET+YDC,B 
70 IF(DEBT.LT.0.O)DEBT-0.0 

RETEZN 
END 

C 
C ......................................................................... 
C * DEFINITION OF TERVS IN SUBROUTINE ETFLUX * 
C * * 
C * ACTET : ACTUAL ET FOR TIME PERIOD. * 
C * DEBT : AXOUNT OF WATER R M W E D  FROM DKY ZONE . * 
C * EXCESS: DIFFERENCE BETWEEN AMOUNT OF WATER MOVING UPWARD FROM V.T. * 
C * AND POTET. * 
C * POTET : POTENTIAL ET FOR TIYE PERIOD-MAY BE 1 Hfl OR 1 DAY. * 
C * XXD : TEMPORARY VALUE FOR DEBT WHICH DEPENDS ON UPWARD FLUX, * 
C * POTET PREVIOUS DEBT. * 
c * 
C * OTHER TEMS NOT DEFINED ABOVE ARE SAME AS DEFINED IN PORSUB * 
c ......................................................................... 
C 

SUBROUTINE DRAINS(DTh'T,DFLUX) 
C 
c ......................................................................... 
C * THIS SURROUTINE FINDS THE EFFECTIVE LATERAL HYDRAULIC CONDUCTIVITY AND* 
C COMPUTES DRAINAGE OR SUBIRRIGATION FLUX. * 
c ......................................................................... 



DIEIENSION W(20) 
Y - D M  
IF(Y .GT. ADEPTH) Y-ADEPTH 
ABOVE=O. 0 

L-DZ ( I ) 
IF(L.EQ.O) GO TO 15 
IF(Y.GT.DZ(I))GO TO 5 
W(I )-DZ(1)-Y 
X=DZ(I )-ABOVE 
IF(W(I).GT.X)W(I)=X 
GO TO 10 
w(1)-0.0 
ABOVE-DZ (I ) 
N-6 
N-X-1 
sUM=o. 0 
DEEPIO. 0 
DO 25 I-1,N 
SUM=SUYW(I )*CONK(I ) 
DEEP=DEEP+W(I ) 
IF((DEEP.LE. .OOOl).OR.(SUM.LE. .0001)) GO TO 35 
CONE=SUM/DEEP 
GO TO 45 
CONTINUE 
SUM-CONK(l)*DZ(l) 
DEEP=DZ (1 ) 
W bO I=2,5 
SUM=SUM+CONK(I )*DZ(I) 
DEEP-DEEPrnZ (I) 
CONE-SUM/DEEP 
C0NTIrn 
HDMINaDEPTH-DDRAIN 
IF(HDRAIN.LT.HDHIN) HDRAIN-HWIN 
IF((STOR.GT. STORRO)..AND.(DTWT .LT. 0.5)) GO TO 50 

EP(=DEPTH-Y-HDRAIN 
IF(EM .LT. -0.1) GO TO 42 
DFLUX=4.0*CONE*EM*(Z.O*HDRAIN+EM) /SDRAIN**2 
IF(DFLUX . DC) DFLUX=DC 
IF(DFLUX .LT. .O)DFLUX=O.O 
IF(EM.LT.0) DFLUX4.O 
RETURN 
DDRANP-DDRAIN-O .10 
DOT-HDRAIN+ADEPTH-DEPTH 
DFLUX4 .O*CONEXEM*HDRAIN*(Z. WEM/DOT)/SDRAIN**~ 
IF((DEPTH-HDRAIN).GE.DDRANP)DFLUX=O. 
RETURN 
DPLUX-~~.~~~~*CONE*(DEPTH-HDRAIN+STOR)/(GEE*SDUIN) 
IF(DFLUX.GT.DC) DFLUX-DC 
RETURN 
END 



C * DEFINITION OF TERMS IN SUBROUTINE DRAINS * 44E 
C * * 45E 
C * ABOVE : DEPTH OF TOP OF LAYER CONSIDERED. * 46E 
C * * 47E 

L J  
C * CONE : EFFECTIVE SATURATED LATERAL HYDRAULIC CONDUCTIVITY - BASED * 4RE 
C * ON W .T. DEPTH AND K OF IAYERS. * 49E 
C * DDARNP: A VARIRLE USED INDICATING DISTANCE SLIGHTLY LESS THAN * 50E 
C * DDRAIN, CM. USED TO PREVENT CALCULATING SUBIRRIGATION * 51E 
C WHEN WATER TABLE IS BELOW DRAIN BOTTOM AND NO WATER IN DRAIN* 52E 
C * DEEP : TOTAL THICKNESS OF SATURATED ZONE. * 53E 
C * DEPTH : DEPTH TO IMPERMEABLE LAYER FROM SOIL SURFACE, CM. * 54E 
C * DFLUX : DRAINAGE FLUX, CMIHR. * 55E 
C * DOT : ACTUAL DEPTH FROM IMF'ERYEABLE LAYER TO WATER LEVEL ABOVE * A55E 
C * DRAIN DURING SUBIRRIGATION. * B55E 
C * DTWT : DEPTH TO WATER TABLE FROM SOIL SURFACE, CM. * 56E 
C * DZ(1) : THICKNESS OF LAYER I. * 57E 
C * EM : DISTANCE FRON WATER LEVEL IN THE DRAINS TO WATER TABLE AT * 58E 
C * MIDPOINT. M NEGATIVE DURING SUBIRRIGATION. * 59E 
C * HDRAIN: DISTANCE BETWEEN THE WATER SURFACE IN THE DRAIN TO THE * 60E 
C * IYPERMEABLE LAYER, CM. * 61E 
C * SDRAIN: DISTANCE BETWEEN THE DRAINS, CM. * 623 
C *  W : THICKNESS OF SATURATED ZONE IN LAYER CONSIDERED. * 63E 
c * - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  64E 
C * TERMS NOT DEFINED HERE ARE SAME AS DEFINED IN FORSUB * 65E 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  66E 
C 1F 

SUBROUTINE YDITCH(DWIEP,DVOL,YD,RO,WLOSS,B,S) 
C :: & 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4F 
C * SUBROUTINE TO DETERMINE WATER LEVEL IN OUTLET DITCH BASED ON WIER SET-* 5F 
C * ING, DRAINAGE OR SUBIRRIGATION, AND RUNOFF. * 6F 
C * THE AMOUNT OF WATER LOST FROM THE SYSTEM AND TK4T REMAINING IN THE * 7F 
C . DITCH IS CALCULATED. * 8F 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  gF 
C 1OF 
C FIND WATER LOSS AND WATER DEPTH IN DRAIN 11F 
C 12F 

COMXON/DLK/SDR~IN,DDRAIN 13F 
COMMON IDBLKIDRNSTO 14F 

C 15F 
V-DRNSTWRO+DVOL 16F 
IF(V.LT.O.)V=O. 17F 
CV-V*SDRAIN 18F 
YD=((B/S)**~+~.*CV/S)**O.~/~.-0.5*~/S 19F 
IF(YD.GT.(DDRAIN-DW1EP))GO TO 10 20F 
DDSTOmV-DRNSTO 2 1F 
DRNSTO-V 22F 
WLOSS-0. 2 3F 
RETURN 24F 

C 25F 
10 YD-DDRAIN-DWIEP 26F 

CV-YD*(B+ S*YD) 27F 
V-CVISDRAIN 28F 
DDSTO-V-DRNSTO 29F 
DRNSTO-V 30F 



WLOSS=RO + DVOL-DDSTO 
RETURN 

B 
cv 
DDSTO : 

DRNSTO: 

DVOL : 
DWIER : 
RO 
s 
v 

WLOSS : 
YD 

DEFINITION OF TERMS IN SUBROUTINE YDITCH * 
* 

BOTTOM WIDTH OF THE DRAIN, CM. * 
TOTAL V O L W  OF WATER COMING TO THE DRAIN, CM. * 
AYOUNT IF WATER STORED IN DRAIN DURING PRESENT TIW INCRE- * 
MENT. * 
AMOUNT OF WATER (VOLM PER UNIT AREA) STORED IN THE DRAIN * 
AT THE END OF PREVIOUS TIME INCREMENT, CM. * 
AREA) . * 
WATER DRAINED THROUGH THE SYSTEY, Ol. * 
WEIR DEPTH FROY THE SOIL SURFACE, CM. * 
RUNOFF VOLUME FROM SURFACE, CM. * 
SIDE SLOPE OF DRAINAGE DITCH, CM/CM. * 
AYOUNT OF WATER (VOL. PER UNIT AREA) THAT COULD BE IN OUTLET* 
DITCH AT END OF PRESENT TIME INCREXENT. * 
WATER LOST THROUGH THE DITCH, CM. * 
WATER HEIGHT IN THE DRAIN MEASURED FROM BOTTOM OF DITCH. * 

c *-----------------------------------------------------------------------* 53F 
C * OTHER TERMS NOT DEFINED ARE SAVE AS GIVEN IN FORSUB * 54F 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  55F 

L/ 1G 
SUBROUTINE ROOT (DROOT ) 2G 

C 3G 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4G 
C * SUBROUTINE TO READ IN TABULAR VALUES OF EFFECTIVE ROOT DEPTH VERSUS 5G 
C * TIME AND INTERRILATE BETWEEN VALUES SO THAT ROOT DEPTH FOR ANY DAY CAN* 6G 
C * BE CALLED DIRECTLY AS A FUNCTION OF THE D4Y. * 7G 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8G 
C 9G 

DIMENSION DROOT(370), INDAY(50).ROOTIN(50) 10G 
READ(1,600) NO 1 lG 

600 FORWT(I2) 12G 
READ(1,610)(INDAY(I),ROOTIN(I),I~1,NO) 136 
WRITE(6.630) A13G 
WRITE(6,635) (INDAY(I).ROOTIY(I).I=~,NO) R13G 
5-2 14G 
DROOT(1 )=ROOTIN(l ) 15G 
DO 10 1~2,366 16G 
AI=I 17G 
IF(I.Gr.INDAY(J))J=J+l 1% 
DROOT(I)=ROOTIN(J-1 )+((AI-INDAY (J-I)) / (INDAY (J)-INDAY (J-I)))* 19G 
2 (ROOTIN(J)-ROOTIN(J-1 )) 20G 

1D CONTINUE 21G 
WRITE(6,615) 22G 
WRITE(6,620) (DROOT(I),I=1,360,30) 23G 

L 615 FORMAT(lHO,lOX,'ROOT DEPTHS AS A FUNCTION OF TI?IE ARE READ IN1/ 24G 
211X,'THE FOLLOWING REPRESENT MONTHLY VALUES1/4X,'MONTH 1 2 2 5G 
3 3 4 5 6 7 8 9 10 11 12') 26G 

620 FORMAT(lOX,lZF5.0) 2 7G 
630 FORMAT(///lOX,'VALUES READ IN1/12X,'DAY',8X,'ROOT DEPTH') A27G 



635 FORUT(13X,I3,F16.2) B27G 
610 FORXAT(R(I3,F7.2)) 2 EG 

RETURK 29G 
END 3 0G 

C 31G 
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 2 ~  
C * . DEFINITION OF TERNS IN SUBROUTINE ROOT * 33G 
C * * 34G 
C *A. INPUTS TO SUBROUTINE RO9T * 35G 
C *  N : NlMBER OF POINTS TO BE RFAD IN FOR JULIAN DATE - ROOT DEPTH * 36G 
C * RELATIONSHIP. * 37G 
C * INDAY : JULIAN DATE. * 38G 
C * ROOTIN: EFFECTIVE ROOT DEPTH ON INDAY. * 39G 
C 40C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  41G 
C *B. DROOT(1): STORED ROOT DEPTH FOR EVERY DAY OF nAR, I. DETERMINE RY * 42G 
C * INTERFVLATION FROY ROOTIN - INDAY RSLATIONSHIP. * 43G 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  44G 
C 45G 
C 1H 

SUsROUTINE EVAP(ET,HET,HPETl,TPET) 2H 
C 3H 
C ......................................................................... 44 
C * THIS SURROUTINE DISTRIBUTES DAILY PET OVER 12 HRS. FROY 0600 TO 1800. * 53 
C * WHEN RAINFALL .GT. 0 PET FOR THAT HOUR IS SET=O. * 6Y 
C * THEN SOURLY PET SUMMED TO GET DAILY PET. * 74 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8" 
C 9H 
C FIND DAILY FVAPOTRANSPIR4TION 108 
C 11H 

COMHON/EVAPO/PET,DI)Z,ROOTD 12H 
COMllON/RAIN/R(24) 13'1 
DIMENSION WET(24),HPET1(24) 14H 

C 15H 
C FIGURE ET BASED ON 12 HRS 16'1 

TPET=O. 0 17H 
HPET=PET/IZ.O 1 R ~ I  
Iy3 5 I=1,6 19Y 
HET(1 )=O. 0 2 OH 
HPETl(I)=O.O 21H 

5 CONTINUE 22H 
DO 10 I-7,lR 2 3H 
HET(1 )=HPET 24H 
HPET1 (I )=HPET 2 5H 
IF(DDZ.GT.ROOTD)HET(I)=O.O 2 6!1 
IF(R(I).GT.O.O)HET(I)-0.0 279 
IF(R(I).GT.O.O)HPETl(I)=O.O 2 89 

18 CONTINUE 2 9q 
W 15 1=19,24 30H 
HET(1 )=O.O 31H 
HPET1 (I )-0.0 32H 

15 CONTINUE 33H 



TPET=TPET+HPETl (I) 
20 CONTINUE 

RETURN 
E W 

C 
c ......................................................................... 
C * ALL TERMS DEFINED IN FORSUB AND PROP * 
c ......................................................................... 

SUBROUTINE WET(DTWT) 
C 
c ......................................................................... 
C * FIND WATER CONTENT AND HEAD DISTRIBUTION IN WET ZONE * 
C ......................................................................... 
C 

COEMON/WHX/WATER(~~~),W(IO~),H(~~~),X(~O~),NN 
C 

W 5 I-l,NN 
H(I)=X(I)-DTWT 
51-H(I)+l. 
IF(J.LT.1)J-1 
W(I )=WATER(J) 

5 CONTINUE 
RETURN 
END 

C ......................................................................... 
C * ALL TERMS DEFINED IN FORSUB AND PR3P * ii c ......................................................................... 
C 

SUBROUTINE SOAK 
C 
C .................................................................... 
C * SUBROUTINE M FIND PARMETERS IN GREEN-AWT INFILTRATION EQUATION 
C * RASED ON EFFECTIVE WATER TABLE DEPTH AT BEGINNING OF RAINF4LL EVENT. * 
C ......................................................................... 
C 

CO~ON/AB~/EDTWT,M(500),BB(500),A,B 
C 

I-EDTIW1 
A=AA(I) 
B=BB(I) 
RETURN 
END 

C 
C ......................................................................... 
C ALL TERMS DEFINED IN FORSUB ANT) PROP * 
C ......................................................................... 
C 

SUBROUTINE WORK(IND,J,TAV,DWRK,ACC,DDAY,YTAV) 
C 
C ........................................................................ 
C * THIS SUBROUTINE DETERMINES IF 4LL OR A ? ?  PART OF THIS DAY MAY BE * 
C * CONSIDERED A WORK DAY. * 
C ......................................................................... 

INTEGER SWRl,SWKHRZ,DJKHRl,EWKHRZ 



COWON /RAIN/ R(24) 
COYYON /1lJK/ SWKHR1, EWKHR1, SWKHR2, ET4KHR2 
COMON /WRK/ A?l1Nl,ROUTAl.ROUTTl,AYIN2,ROUTA2,ROUTT2 
IF(J.LT.0) GO TO 50 
I F N D  1) GO TO 25 
IF((ACC.GT.ROUTAl).AND. (R(J) .GT. 0.005)) DDAY-0.0 
IF((J .LE. SWKHR1) .OR. (J .GT. EWKHRl)) GO TO 60 
IF(TAV.LT. AMINl) GO TO 60 
IF(DDAY .LT. ROUTTI) GO TO 60 
DWRK=~ .O/(EWKHR~-SWK.~~R~ ) 
RETURN 

25 IF((ACC .GT. ROUTAL) .AND. (R(J) .GT. 0.005)) DD4Y=O.O 
IP((J .LE. SWKHR2) .OR. (J .GT. EWH92)) GO TO 60 
IF(TAV .LT. AMIYZ) GO TO 60 
IF(DDAY .LT, ROUTT2) GO TO 60 
DWRK=l.O/(EWKHRZ-SWKHRZ) 
RETURN 

60 DWRKoO.0 
RETURV 

50 IF(IND .GT. 1) GO T9 55 
IF(TAV.LT. 4YIN1) GO TO 60 
IF(DDAY .LT. ROUTTl) GO TO 60 
DWRK-1.0 
IF(YTAV .LT. AYIYl) DWRK=(TAV-AMINl)/(TAV-YTAV) 
RETURN 

55 IF(TAV .LT. AYIN2) GO TO 60 
IF(DDAY .LT. ROUTTZ) GO TO 60 
DWRK=1.0 
IF(YTAV .LT. AMIY2) DWRK=(TAV-AYIN2) /(TAV-YTAV) 
RETURN 
END 

c ......................................................................... 
C * ALL TERHS ARE DEFINED IN SUBROUTINE FORSUB * 
c ......................................................................... 
C 

SUBROUTINE ORDER(1YEAR) 
C 
c ......................................................................... 
C * THIS SUBROUTINE DETERMINES THE RANK OF TOTDD, TOTWD, SEW. AND TOSIRR 
C * AND THEIR AVERAGES DURING THE SIMULATED YEARS. * 
C ......................................................................... 
C 

CO"MON/ORDR/TOSIRR(~O),TOTDD(~~),MTWD(~~),SEW(~~),IRY(~~) 
DIMEYSION NRANK1(50).NRANK2(501.NRANK3(50).NRAYK4(50) . - 0  . . 
DATA SLM[JKY, SMSEW, S ~ D D Y ,  SZMIRR/~*O. 0; 
CALL RA..K(TOTWD,NRANKl,IYEAR,IRY) 
CALL RANK(SEW,NRANKL,IYEAR,IRY) 
CALL RAW(TOTDD,NRANK~,IYEAR,IRY) 
CALL RANK(TosIRR,NRANK~,NEAR,IRY) 
WRITE(6,lO) 
DO 20 111, NEAR 
MITE(~,~~)I,TOTW~(Z),NW\NK~(I),SEW(I),NRANK~(I),TOTDD(I), 
1 NRANK~(I),MSIRR(I),NRANK~(I) 
Sv;uwKu=SUFI!KY+TOTWD(I ) 
SUMSEW-SUMSEw+SRW( I) 



APPENDIX B 

SOIL PROFILE DESCRIPTIONS 

1. Cape Fear Loam 

Tidewater Research S ta t ion ,  Plymouth, N.C. 

F i e l d :  M-3 (near cen te r  o f  f i e l d )  

S o i l  Fami ly  Name: Typ ic  Umbraquul t, c layey,  mixed, t h e n i c  

P r o f i l e  O e s c r i p t i o n  

Depth, M D e s c r i p t i o n  

0 - .25 Very dark  brown (10 YR 212) loam o r  ve ry  f i n e  sandy 

loam; c l e a r  boundary - 
0.25 - 0.9 Dark g r a y i s h  brown (10 YR 412; 512 and 516) smooth 

s t i f f  c l a y  w i t h  c o m n  f i n e  y e l l o w i s h  r e d  ( 5  YR 

418) mot t l es ;  c o m n  f i n e  mica; grades - 
0.9 - 1.3 Very p a l e  t o  p a l e  brown (10 YR 713 - 613) w i t h  

brownish y e l l o w  (10 YR 616) mot t l es ;  sandy c l a y  loam; 

bedded c layey  and sandy m a t e r i a l  grad ing t o  l i g h t  

sandy loam a t  1.1 t o  1.3 m; grades - 
1.3 - 2.6 Gray (10 YR 611) medium sandy loam - lormy sand; 

grad ing t o  g ray  (5  Y S l l ) .  
2.6 - 5.2 Gray (5 Y 511) f i n e  l i g h t  sandy loam grad ing t o  

g ray  (10 Y 511) a t  about 4 m; few g r i t s  t o  4 m i n  

lower  .3 m. 

Base o f  Pam1 i co 

Begin smal l  

5.2 - 10.4 m 5 GY 511 mealy f e e l i n g  l i g h t  loam grades g r a d u a l l y  t o  

5 GY 4/1 tough s t i f f  c l a y  loam; f o s s i l  fragments 

became comnon and coarser .  

2. Goldsboro Sandy Loam 

Lower Coastal P l a i n s  Tobacco Research S t a t i o n ,  L e n o i r  County, 

near Kinston,  N.C. 

Descr ibed by: R. D. Danie ls  and E. E. Gamble 

A t t i t u d e :  About 21 m MSL 

S o i l  Fami ly  Name: Aquic Pa leudul t ,  f ine- loamy, s i l i c e o u s ,  thermic .  



Depth, m 
0 - 0.3 

0.3 - 1.1 

1.1 - 2.6 

2.6 - 3.0 

3.0 - 3.8 

3.8 - 4.4 

4.4 - 5.2 

5.2 - 8.5 

0-2 

Prof i l a  Description 

Description 
Ap horizon -- sandy loam - 
B horizon -- brownish yellow (10 YR 616) f i n e  c lay  
loam to. sandy c lay  loam; c l e a r  - 
Mottled l i g h t  red (2.5 Y R  6/6) ,  reddish yellow 

(5 YR 6 /8 ) ,  and very pale brown (10 YR 713) tough 
medium f i n e  c lay  loam; gradual - 
Light yellowish brown (10 YR 614) medium sandy loam; 
c l e a r  - 
Reddish yellow (7.5 YR 616) very coarse sand to  

loamy sand; abrupt  - 
Base of  Wicomico MSU. 

Begin Cretaceous Pee Dee. 
Reddish yellow (5  YR 618 and 7.5 Y R  7/8)  medium t o  
medium f i n e  loam t o  sandy loam; abrupt - 
Dark greenish gray (10 Y 411 ) f i n e  loam; one 3 cm 
angular phosphate pebble; gradual - 
Dark gray (5 Y 411) medium coarse loam to  sandy clay 
loam; grades t o  very dark greenish gray (darker  than 
5 G 411) tough calcareous l i g h t  loam. 

Base of hole a t  8.5 m ,  * 
3. Tomotly Sandy Loam ( r e fe r r ed  t o  a s  Lumbee s .1 .  in  t e x t )  

H .  C .  Austin  arm near Aurora, N . C .  

Soil  Family Name: Typic Ochraquul t ,  f i n e  loamy, s i l  iczbus, thermic. 
P r o f i l e  Description 

Depth, m Description 
0 - 0.25 Gray to  dark gray f r i a b l e  sandy loam, abrupt boundary - 
0.25-0.4 Gray sandy loam mottled w i t h  dark brown, grades to  

e 0.4 - 1.0  Gray mottled w i t h  yellow f r i a b l e  to firm sandy clay 

o r  zandy c lay  loam, some small pockets of medium 
sand o r  loamy sand intermixed, grades t o  

1 .0  - 1.6 Gray sandy loam t o  loamy sand, sometimes l i g h t  gray, 
bottom of t h i s  l aye r  a t  1.35 m f o r  lower surface 

e l e v a t ~ o n s ,  1.6 m f o r  higher surface e leva t ions .  

* 
This s o i l  was re fer red  t o  a s  a Lumbee sandy loam ( a c t u a l l y  a mixed mineral t axa junt  d 
of Lumbee) i n  t he  o r ig ina l  research r e p o r t  (Skaggs, 1978b). A recent more de t a i l ed  
examination by SCS s o i l  s c i e n t i s t s  i nd ica t e s  t h a t  i t  should have been c l a s s i f i e d  as  a 
Tomotly sandy loam. 



1.6 - 2.5 Dark gray loamy sand o r  sandy loam with shel l  f rag-  

ments to  5 mn mixed in  marl l i k e  material w i t h  some 

c lay ,  densi ty increase with depth, 
2.5 - 2.8 Dark gray, hard, t i g h t  f i n e  sand w i t h  some clay,  

doesn ' t  appear sa tura ted .  * 
4. Coxville Loam ( re fe r r ed  to  a s  Ogeechee loam in  t e x t )  

McArne Bay, McNair Seed Co. Farm near Laurinburg, N.C. 

Soil Family Name: Typic Ochraquul t over sandy, s i l i ceous ,  thermic. 

P ro f i l e  Description 
Depth, m Description 

0 - 0.20 Gray, f r i a b l e  loam o r  sandy loam - 
0.2 - 1.2  Clay loam o r  sandy clay,  abrupt t o  - 
1 . 2  - 2.4 Light gray loamy sand with bodies of sandy loam 

Depth of top of t h i s  l aye r  var ies  from 1 to  2 rn, 

thickness var ies  from 0.5 t o  1.2 m depending on 
loca t ion  - 
Sandy c lay  sediments, t i g h t ,  massive s t ruc tu re ,  firm 

consistence. Thickness of t h i s  layer  was not 

determined. 

* 
This s o i l  was ca l l ed  Ogeechee loam in  the  or ig ina l  research repor t  
(Skaggs 1978b) w i t h  some a reas  of Coxville and Lumbee. More de ta i led  
examination of  t he  o r ig ina l  s o i l  survey da ta  indica tes  t h a t  i t  should 
have been c l a s s i f i e d  a s  a Coxville loam. 



ROOTIX DEPTHS FOR EXPERIMENTAL SITES 
Table C1. Root inq depths f o r  etper iment31 s r t e s  a t  Aurora and 

JulianDateJ 
Aurora - 1973, 1974* 

Aurora - 1975 
3  
3  
4 

15 
25 
30 
3  0  
20 

f a l l o w  
p l a n t  pota tc  
p o t a t o  
po t a t 0  
p o t a t o  
ha rves t  
p o t a t o  
f a l l o w  
p l a n t  
soybean 
soybean 
soybean 
soybean 
soybean 
soybean 
h a r v e s t  
soybean 
f a i l o w  
f a l l o w  

fa l lc rw 
p l a n t  co rn  
co rn  
c o r n  
corn  
c o r n  
c o r n  
co rn  ready 
t o  ha rves t  
ha rves t  
f a l l o w  
p l a n t  wheat 
wheat 
rhea t 

wheat 
wheat 
wheat 
wheat 
wheat 
wheat 
ha rves t  
wheat 
s t u b b l e  
pi a n t  
soybean 
( n o t i l )  
soybeans 
soybeans 
soybeans 
soybeans 
soybeans 
soybeans 
ha rves t  
beans 
f a l l o w  

f a l l o w  
p l a n t  
co rn  
c o r n  
corn  
corn  
co rn  
co rn  
co rn  
h a r v e s t  
c o r q  
fa1  low 

J u l  i a n  Date Root Depth Crop 
Aurora - 1976 

5  

Aurora - 1977 
3 
3  

* 7 

Crops grown on t h e  Aurora s i t e  ;n 1973 and 1974 were r h e  same w i t h  o n l y  
s l i g h t  d i f f e r e n c e s  i n  p o t a t o  h d r v e s t l n g  d a t e i  and soybean h a r v e s t i n g  dates .  
I n  1974 po ta toes  were harvesteo on day 167, beans p lan ted  on day 192 and 
harvested on day 332. 



C-2 

Table C1. Continued. Rooting depths f o r  experimental s i t e s .  

corn 
corn 125 
corn 150 
corn 168 
corn 
harvest 169 
fallow 175 
fallow 

195 
21 0 

fal low 21 7 
plant  corn 265 
corn 280 
corn 31 4 
corn , 

corn 1 329 
corn 365 
corn 
harvest  
fallow 
plant  
wheat 
wheat 

: 8 wnea; 
25 wheat 
25 whear 
8 harves t  

wheat 
3 fallow 
3 plant  

soybean 
10 soybean 
28 soybean 
25 soybean 
25 soybean 
25 soybean 
10 harvest 

soybean 
3 fallow 

d 
3 fallow 



APPENDIX D 

COMPUTER PROGRAM FOR CALCULATING THE DRAINAGE VOLUME - 
WATER TABLE DEPTH RELATIONSHIP FOR LAYERED S O I L S  

The program reads in layer depths and soil water characteristics for up 
to five-layers. The drainage volumes for a wide range of water table depths 
are calculated by assuming a hydrostatic pressure head distribution above 
the water table. 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccc 
C 
C DRAINAGE VOLUME-WATER TABLE DEPTH PROGRAM 
C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCccccccccccccccccccccccccccccc 
C 
C THIS PROGRAM READS IN SOIL WATER CHARACTERISTIC DATA FOR .9S KAhY 
C AS 5 LAYERS AND COMPUTES THE 'DRAINED TO EQUILIBRIm' REt;sTIONSHI 
C BETWEEN DRAINAGE VOLUME AND WATER TABLE DEPTH. 
C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccc 

DIMENSION H(5,100),THETA(5,100),ATHT(5,500),X(500),~(500),IC(5), 
*D(5),AH(5,500),AV(5,500) 
READ(1,205)N,(D(I),I-l,N),AINC,M 

205 FORMAT(I2,4P8.1,14) 

L C  READ DATA FOR ALL THE LAYERS . 
M) 10 I-l,N 
IC(1)-1 

1 READ(1,206)THETA(I,IC(I)) ,H(I,IC(I)) 
IF(H(I.IC(I)))10.5,5 

206 FORMAT(F10.3,8X,F10.3) 
5 IC(I)=IC(I)+l 

GOT01 
10 IC(I)-IC(I)-1 
c*********************************************************************** 
C DEFINITION OF SOME TER! 
C 
C THETA IS THE VOLUMETRIC WATER CONTENT CORRESPONDING TO THE PRESSU 
C HEAD H. 
C H IS THE PRESSURE HEAD WRITTEN AS A POSITIVE QUANTITY; 1.E. TENS1 
C X(L) IS WATER TABLE DEPTH IN METERS 
C W(L) IS DRAINAGE VOLUME IN MILLIMETERS. 
C P IS THE PROFILE VOLUME 
C X IS THE PROFILE DEPTH 
C AINC IS TlIE INCREMENT IN WATER TABLE 
C N IS THE NOMBER OF LAYERS 
C D(1) ,D(2) ,D(3), . . . ARE THE CUMULATIVE DEPTHS OF EACH LAYER. 
C M IS NUMBER OF SECTIONS IN THE PROFILE 
C IC IS THE COUNTER OF DATA CARDS FOR EACH LAYER 
C FIRST DATA CARD SHOULD CONTAIN N,Dl,DZ........,DN,AINC,M 

L :  THIS SHOULD BE FOLLOWED BY THE DATA CARDS FOR LAYERl,LAYER2..ETC. THE LAST CARD OF EACH WYER SHOULD BE A DUMMY CARD CONTAINING A 
C NEG4TIVE NUKBER FOR'R' . 
c*********************************************************************** 



PRIm DATA 
uRITE(6,15)N,(D(I),I-1,N) 
WRITE(6,16)AINC,U 
F0RMAT('O1//////10X,'N-' ,I2,'D-' ,5F10.1) 
FORMAT('0' ,lox, 'INCREWENT-' ,F6.2,10X,'SECTIONS-' ,IS) 
DO 30 I-l.N 
WR1TE(6,35)1 
N1-IC(1) 
W 20 J-1,Nl 

URITE(6,40)H(I,J),THETA(I,J) 
CONTINUE 
FORMAT('0' //////35X, 'LAYER-' ,I2//20X, 'PRESSURE HEAD' ,lox, 'THETA') 
FORMAT(' ',F29.1,F19.3) 
X(1)-0.0 
W 25 I-2,M 
X(I)=X(I-1 )+AINC 
INTERPOLATE 
DO 80 I-l,N 
5-2 
ATHT (I, 1 )-THETA(1, 1 ) 

ATHT(I,L)=TBETA(I,J-1) 
GO TO 75 
ATHT (I ,L)-ATHT(I ,L-1 )+DELTA 
CONTINUE 
CONTINUE 
CALCULATE AND PRINT VOLUMES FOR EACH LAYER 
W 70 I-l,N 
S-ATHT (I, 1 ) 
AV(I.1)-0.0 

AV(I,J)-AV(I,J-l)+DV 
CONTINUE 
CONTINUE 
CALCULATE PROFILE 
CALCULATE WATER TABLE AT PROFILE 
WRITE(6,160) 
W(1)-0.0 
DO 151 L-2,M 
IF(X(L)-D(1))85.85,90 
FIRST LAYER 
NI-X(L)/AINC+~ 
W(L)-AV(1 ,Nl) 
GO TO 150 
IF(X(L)-D(2))95,95,100 
NI-X(L)/AINC+I 
N2-(X(L)-D(l ))/AINC+l 
Vl-Av(1,~l)-AV(l,N2) 



W(L)=Vl+V2+V3 
GO TO 150 

110 IF(X(L)-D(4))170,170,180 
170 Nl=X(L)/AINC+l 

NZ=(X(L)-D(l))/AINC+l 
N3=(X(L)-D(Z))/AINC+l 
N4=(X(L)-D(3 ))/AINC+l 
Vl=AV(l,Nl)-AV(l,N2) 
VZ=AV(2,NZ)-AV(2,N3) 
V3=AV(3,N3)-AV(3,N4) 
V4=AV(4 ,N4) 
W(L)=Vl+V2+V3+V4 
GO TO 150 

180 IF(X(L)-D(5))190,190,200 
190 Nl=X(L)/AINC+l 

N2=(X(L)-D(l ))/AINC+l 
N3- (X(L)-D(Z))/AINC+l 
N4-(X(L)-D(3))/AINC+l 
N5-(X(L)-D(4))/AINC+1 
Vl=AV(l ,Nl)-AV(1 ,N2) 
V2=AV(2,N2)-AV(2,N3) 
V3-AV(3,N3)-AV(3,N4) 
V4=AV(4,N4)-AV(4,N5) 
V5-AV(5 ,N5) 
W(L)=vl+v2+v3+V4+v5 

200 CONTINUE 
150 X(L)=X(L)1100.0 

W(L)=W(L)*lO.O 
WRITE(6,165)X(L) ,W(L) 

151 CONTINUE 
160 FORMAT('1'//////25X,'WATER TABLE',1OX,'VOLUME1) 
165 PORUT(' ',f29.2,F20.3) 

END 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCccccccccccccccccccccccccccc 
C 
C SAMPLE INPUT DATA FOR WT VS VOL DRAINED 
C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccc 



C C C C C C C C C C C C C C C C C C C C C C C C C C C ~ ~ C C C C C C C C C C C ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
C 
C S.4MPLE OUTPUT FOR WT VS VOL DRAINED 



LAYER- 1 

PRESSURE HEAD 
0.0 

10.0 
20.0 
30.0 
40.0 
60.0 
80.0 

100.0 
150.0 
200.0 
400.0 

15000.0 

PRESSURE HEAD 
0.0 

10.0 
20.0 
30.0 
40.0 
60.0 
80.0 

100.0 
150.0 
200.0 
400.0 

15000.0 

THETA 
0.630 
0.615 
0.596 
0.582 
0.572 
0.556 
0.545 
0.536 
0.514 
0.498 
0.470 
0.220 

LAYER- 2 

THETA 
0.530 
0.525 
0.510 
0.475 
0.450 
0.415 
0.392 
0.376 
0.355 
0.340 
0.312 
0.180 

PRESSURE HEAD 
0.0 

10.0 
20.0 
30.0 
40.0 
60.0 
80.0 

THETA 
0.375 
0.371 
0.365 
0.355 
0.345 
0.322 
0.306 



WATER TABLE (m) 
0.02 
0.04 
0.06 
0 .08 
0.10 
0 ;  12 
0.14 
0.16 
0.18 
0.20 
0.22 
0.24 
0.26 
0 .28 
0.30 
0.32 
0.34 
0.36 
0.38 
0.40 
0.42 
0.44 
0.46 
0.48 
0.50 
0.52 
0.54 
0.56 
0.58 
0.60 
0.62 
0.64 
0.66 
0.68 
0.70 
0.72 
0.74 
0.76 
0.78 
0.80 
0.82 
0.84 
0.86 







APPENDIX E 

A FORTRAN COMPUTER PROGRAM FOR CALCULATING 
STEADY UPWARD FLUX FROM THE WATER TABLE 

The programs reads in layer depths and soil water tension - hydraulic 
conductivity table for surface and a steady state upward flux and calculates 
the water table position that would give that flux. Sample input data and 
program output are given. 
C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
C 
C UPFLUX VS WATERTABLE DEPTH 
C 
C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
C 
C A PROGRAM TO CALCULATE THE WATERTABLE DEPTH (2) CORRESPONDING 
C TO A MAXIYUM POTENTIAL STEADY STATE UPWARD FLUX RATE. 
C 
C THE SOIL M Y  HAVE UP TO 10 LAYERS 
C 
C THE EQUATION USED IS A TRAPEZOIDAL APPROXIYATION OF THE 
C INTEGRAL FORM OF THE DARCY-BUCKINCHAM EQUATION: 
C 
C 1 1 

L 
C z 0 SUM ( 0.5*(s(1)-s(1-1))+ (--------- + ---------- ) 1 
c Q/K(I)+~ Q/K(I-1) +I 
C 
C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C C ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

DIMENSION ~(10,100) ,DPTH(~O) ,NNOD(IO) 
REAL ~(10,100) ,KB,KT,MAL 

C INPUT SOIL DATA 
READ(1,lOO) A1 ,AZ,A?.A4 
WRITE(6,lOO) A1 ,A2.A3,A4 
READ(I ,101 ) NLAYR 
DO 10 LAYR-1 ,NLAYR 

READ(I ,102) NNOD(LAYR) ,DP?H(LAYR) 
W~1TE(6,301) LAYR,DPTH(LA~R) 
NND=NNOD(LAYR) 
DO 10 NOD-1 ,NND 

 READ(^ ,105) S(LAYR,NOD) ,K(LAYR,NOD) 
 WRITE(^ ,302) S(LAYR,NOD) ,K(LAYR,NOD) 

10 CONTINUE 
C ENTER SURFACE TENSION 

READ(I ,104) SINIT 
C ENTER AN UPFLUX VALUE AND BEGIN CALCULATIONS 
15  READ(^ ,104,  END=^^) UPFLX 

zHAxIO.0 
LAYR-1 
NOD=NNOD(LAYR) 

L C DETERMINE CONDUCTIVITY AND NEXT LOWER ARRAY ELEMENT 
C CORRESPONDING TO THE SURFACE TENSION 

IF(SINIT.CE.S(~ ,NOD)) SINIT=S(~ ,NOD) 
DO 30 No1 ,NOD 

NN=N 
IF(SINIT.LE.S(~ .N)) GO TO 32 



GO TO THE NEXT INCREMEXT 
SB=S(LAYR,NOD) 
KB=K(LAYR,NOD) 
DZ=(ST-SB)*O.~*(~ /(UPFLX/KT+~ )+~/(uPFLx/KB+~ ))  
IF( (DZ+Z?tAX) .GT.DPTH(LAYR)) GO TO 54 
THE WATERTABLE IS NOT REACHED UNTIL H-0; I.E. WHEN NOD-1 

znAX=zMAX+Dz 
IF(ZMAX.Cr.DPTH(NLAYR)) GO TO 92 
IF(NOD.EQ.1) GO TO 50 
KT-KB 
ST-SB 
NODzNOD-1 
GO To 35 
WRITE(6,303) UPFLX,SINIT,ZMAX 
END OF CALCULATIONS FOR ONE UPFLUX, GO TO NEXT UPFLUX 

GO TO 15 
FIND TENSION AND CONDUCTIVITY AT BOTTOM OF A LAYER 

FLAGG-2 
FRAC-0.5 
ZTOL-0.1 
SB=S (LAYR , NOW1 )-FRAC* (S (LAYR, NOW1 )-S (LAYR, NOD)) 
KB=K(LAYR,NODC~)-FRAC*(K(LAYR,NOD~~)-K(LAYR,NOD)) 
DZ=(ST-SB)*O. 5*(i /(UPFLX/KT+I )+~/(uPFLx/KB+~ )) 
IF(AUS(ZMAX+DZ-DP~(LAYR)).LT.ZTOL) GO TO 65 
IF((ZMAX+DZ-DPm(LAYR)).GT.ZTOL) XMAL=l.O 
IF((ZMAX+DZ-DPTH(LAYR)).LE.ZTOL) ML=-1.0 
FLAGG-FLAGG*2 
IF(FLAGG.m.5500) GO TO 91 
FRAC-FRAC-WL/FLAGG 
GO TO 55 

BOTTOM OF A LAYER HAS BEEN FOUND, GO TO NEXT LAYER AND 
FIND CONDUCTIVITY FOR TENSION EQUAL TO BOTTOM OF LAST LAYER 

ZMAX-ZMAXMZ 
IF(mAX.Cr.DPTH(NLAYR)) GO TO 92 
IF(LAYR.GE.NLAYR) GO TO 92 
LAYR=LAYR+l 
ST-SB 
NND-NNOD (LAYR) 
W 70 II=l,NND 

NN-I1 
IF(ST.LE.S(LAYR,II)) GO TO 75 

CONTINUE .. - - 

ST=S(LAYR,NND) 
WRITE(6.903) UPFLX,LAYR,ST,S(LAYR,K)DE) 
NODINN-1 
KT-(ST-S(LAYR,NN-~))/(S(LAYR,NN)-S(LAYR,NN-~))*(K(LAYR,NN) 
$-K(LAYR,NN-L))+K(LAYR,NN-1) 
GO TO 35 
WRITE(6,901) UPFLX,LAYR 
STOP 
WRITE(6.902) UPFLX,LAYR 
GO TO 15 



FORMAT (4A4 ) 
FORMAT(I2 ) 
FORM4T(I3,7X,F10.5) 
FORYAT(2F10.5) 
FORKAT(F10.5) 
FORMAT(//,~X,'LAYER 1 3  GOES DOWN TO ',~6.0,'m.*, 
SlX,'AND HAS THE TENSION-CONDUCTIVITY VALUES:*,//, 
SIX, ' TENSION CONDUCTIVITY' ,/ , 
SIX,' (CM) (CM/HR)') 
FOR??T(F8.2,4X,E10.4) 
FORMAT(// ,1X, 'FOR UPPLUX OF ' ,F8.4, 'CMIHR AND SURFACE TENSION-' , 

 SF^. 0, *CM* ,I, isx,  MAXI^ STEADY STATE WATERTABLE DEPTH =' ,~7.2, 
$ '  a') 
FORMAT(//,~X,'FOR UPFLUX-',F10.5,' PROGRAM CANNOT FIm THE ', 
$'TENSION AND CONDUCTIVITY AT BOTTOM OF LAYER8,13) 
FORMAT(~X. 'FOR UPFLUX=* ,F~o. 5, WATERTABLE IS BELOW BOTTOM* , 

$ '  OF LAYER1,13,* GO TO NEXT UPFLUX') 
FORMAT(// ,~X,'FOR UPFLUX-' ,F10.5,'TENSION AT TOP OF LAYER ' ,12, 

$ '  IS '.FlO.S./.lX.'THIS IS REDUCED TO '.F10.5) 
........................................................................ 
C SOHE DEFINITIONS 
........................................................................ 
C STITENSION AT UPPER END OF INCREMENT 
C SB-TENSION AT LOWER END OF INCREMENT 
C KT=TENSION AT UPPER END OF INCREMENT 

L C KB-TENSION AT LOWER END OF INCREMENT 
C S(I,J)-TENSION ARRAY (INPUT AS +CM) 
C K(1. J)=CONDUCTIVITY ARRAY (INPUT AS +CH/AR) 
C SINIT -SURFACE TENSION (INPUT AS +CM) 
C UPFLX -UPWARD FLUX VALUE (INPUT AS +CM/HR) 
C LAYR=LAYER NUMBER : 1 IS TOPMOST LAYER 
C NOD- NODE NUMBER : 1 IS FOR ZERO TENSION 
C DZ- CHANGE IN DEPTH ACROSS INCREMENT 
C ZMAX-DEPTH OF THE WATERTABLE FROX THE SURFACE CORRESPONDING TO 
C THE 'UPFLX' VALUE (OUTPUT AS CM) 
C FLAGG=MULTIPLIER USED IN FINDING TENSION AND CONDUCTIVITY AT BOTTOH 
C OF EACH LAYER 
c*********************************************************************** 
C INPUTS 
c*********************************************************************** 
C LINE 1: SOIL ID 
C LINE 2: TOTAL NU!4BER OF LAYERS 
C FOR E4CH LAYER-- 
C LINE 3: NO. OF DATA POINTS AND DEPTH OF LAYER(CM) -(13,7X,F10.5) 
C FOR EACH DATA ENTRY- 
C LINE 4: TENSION (CM) AND CONDUCTIVITY (CMIHR) -(F10.5,F10.5) 
C .... 
C -WHEN ALL SOIL DATA IS ENTERED- 
C LINE N: SURFACE TENSION (CM) -(F10.5) 
C LINE N+l: UPFLUX (CMIHR) -(F10.5) 

L 
C LINE Nfl: UPFLUX (CM/HR) 
C . . . . 
........................................................................ 
99 STOP 

END 



SAWLE INPUT DATA FOR UPFLUX PROGRAM 

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCccccccccccccccccccccccccccccccc 
'PONZER WCK' 





SANPLE OUTPUT FOR UPFLUX PROGRAM 

CCCCCCCCCCCCCCCCCCCCCCCcCCCCCCCCCCCCCCCccccccccccccccccccccccccc 
' PONZER MUCK' 

LAYER 1 GOES DOWN TO 20.CM. AND HAS THE TENSION-CONDUCTIVITY VALUE 

TENSION 
(Q.0 
0.0 
6.67 

12.63 
17.89 
24.30 
32.00 
42.50 
55.00 
70.90 
91.10 

113.00 
136.00 
162.00 
194.00 
257.00 
329.00 

1000 .oo 

CONDUCTIVITY 
(CHIHR) 

0.22OOEM2 
0.7218EH1 
O.3849Ei-01 
0.2197EtOl 
O.1286Ei-01 
0.7659EMO 
0.4623EM0 
O.2814EMO 
0.1715EM0 
0.1034EHO 
0.6055E-01 
0.3354E-01 
0.1702E-01 
0.7591E-02 
0.27421-02 
0.5867E-03 
0.2OOOE-05 

LAYER 2 GOES DOWN TO 95.CM. AND HAS THE TENSION-CONDUCTIVITY VALUE 

TENSION 
(CM) 
0.0 

13.30 
20.20 
22.90 
25.70 
28.60 
32.00 
36.00 
40.00 
45.70 
51.40 
57.10 
64.30 
73.00 
82.50 
95.00 

114.00 
138.00 



LAYER 3 GOES DOWN TO 480.CM. AND HAS THE TENSION-CONDUCTIVITY VALUE 

TENSION 
( a )  
0.0 

20.00 
30.00 
40.00 
48.70 
57.40 
68.70 
82.00 

104.00 
142.00 
300.00 

1000.00 

CONDUCTIVITY 
(CM/W 

0.8000E+O1 
O.3677E+Ol 
0.2182E+01 
0.1299E+O1 
O.7454E+OO 
O.4OOOE+OO 
O.l937E+OO 
O.798lE-01 
0.2494E-01 
0.43563-02 
0.1OOOE-03 
O.2OOOE-05 

FOR UPFLUX OF 0.0166CM/HR AND SURFACE TENSION- 400.CM 
MAXIMUM STEADY STATE WATERTABLE DEPTH - 171.22 CM 

FOR UPFLUX OF 0.0140CM/HR AND SURFACE TENSION= 400.CM 
MAXIHIM STEADY STATE WATERTABLE DEPTA - 177.22 CM 

FOR UPFLUX OF 0.0120C~/HR AND SURFACE TENSION- 400.04 
MAXIMUM STEADY STATE WATERTAELE DEPTH = 182.82 CM 

FOR UPFLUX OF 0.0100CM/HR AND SURFACE TENSION- 400.CM 
MAXIMLM STEADY STATE WATERTABLE DEPTH - 189.38 CM 

FOR UPFLUX OF 0.0080CM/HR AND SURFACE TENSION- 400.CM 
MAXIMUM STEADY STATE WATERTABLE DEPTH - 196.94 CM 

FOR UPFLUX OF 0.0060CMjHR AND SURFACE TENSION- 400.CM 
MAXIMUM STEADY STATE WATERTAELE DEPTH - 207.31 

FOR WFLUX OF 0.0040CM/HR AND SURFACE TENSION- 400.CM 
MAXIMUM STEADY STATE WATERTABLE DEPTH - 220.33 CM 

FOR UPFLUX OF 0.0020C~/HR AND SURFACE TENSION= 400.CM 
MAXIMUM STEADY STATE WATERTABLE DEPTH - 245.06 CM 





APPENDIX F 

COMPUTER PROGRAM FOR CALCULATING UNSATURATED HYDRAULIC 
CONDUCTIVITIES USING THE METHODS OF MILLINGTON AND QUIRK 

The program reads in soil water characteristic data and saturated 
hydraulic conductivity. It calculates unsaturated hydraulic conductivity 
values and matches the calculated values at saturation. 

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCccccccccccccccccccccccccc 
C 
C UNSATURATED CONDUCTIVITY ESTIMATES 
C MILLINGTON AND QUIRK METHOD 
C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCccccccccccccccccccccccccccc 

DIMENSION HL(1000) 
DIrfENSION CON(1000) 
DIMENSION COND(1000) ,HH(1000) ,TH(1000) ,HEAD(1000) 

C INPUT DATA 
CARD 1: 16 CHARACTER IDENTIFIER 
CARD 2: NWER OF DATA POINTS, SATURATED COM~UCTIVIT~ (CMIHR) 
CARD 3: MOISTURE CONTENT, TENSION (124) 
CARD 4- END : BEGIN AT LOWEST MOISTURE CONTENT 

READ(1.1101)Al ,A2 ,A3 
READ (1.75) NUN.CONS 

HH (I )--HI, (I ) 
799 CONTINUE 

QUIRK-270.0 
EXPONT=1.3333 
1-1 
X1=1000.*TH(1)+0.1 
X2=1ooo.*TH(~)+O.1 
N 1 =Xl 
N2-X2 
HEAD(N2 )=HH(NUM) 
N2Y-N2-1 
DO 20 J+l,N2!4 
AJ-J 
GO TO 15 

10 I-I+1 
15 ATH-IOOO.*TH(I) 

Awl-looo.om(I+l) 
IF (AJ.GE.ATH1) GO TO 10 
ITH=ATH 
ITHl-ATHl 
HEAD(J)=HH(I)+(AT-ATH)*(HH(I+~)-HH(I))/(ATH~-ATH) 

20 CONTINUE 
25 NUM-(N2-N1)/10 

CLASN-NUM 
K-N2-N1-10*NUM 



N11-Nl+K 
DO 30 I=Nll,N2,10 
L-(I-Nll)/lo+l 
XX-I 
TH(L)=XX/loOo. 
HH(L)-HEADCI) 

30 CONTINUE 
C NOW HAVE INCREMENTS AT INTERVALS OF WATER CONTENT OF 0.1. 

m-NUM+l 
DO 40 I-2,NUM 
XI=I 
SUY-0.0 
DO 35 J-2,1 
XJ-J 

35 SIJM=SLIM+(~.O*(XI-XJ)+~)/((HH(J)+HH(J-~))**~/~.O) 
40 CON (I)=QuIRK*TH(I)**EXPONT*SUM/CLASN**~ 

CON (l)=CON (2) 
DO 5 I-1,m 
COND(1)- (CON(1) /CON(NUM) )*CONS 

5 CONTINUE 
WRITE(6,2000)Al,A2,A3 
WRITE(6,3000) 
WRITE(6.70) (HH(I),TH(I),COND(I),I=l,NUn) 

75 FORMAT(I2,8X,F10.4) 
80 FORMAT (F10.5,10X,F10.5) 

1101 FORMAT(3A4) 
2000 FORMAT('1 UNSATURATED HYDRAULIC CONDUCTIVITY FOR THE ',3A4/ *' SOIL CALCULATED BY THE MILLINGTON AND QUIRK PROCEDURE .' //) 
3000 PORMAT(IOX, 'HEAD* ,ISX, 'THETA* ,lox, *COND-CM/HR') 

STOP 
END 

CCCCccCCccCCCCCCCCCCCCCCCCCCCCCCCCCCCccCcccccccccccccccccccccccccccc 

SAMPLE INPUT FOR MILLINGTON AND QUIRK 



F- 3 

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccc 

L 
SAYPLE OUTPUT FOR MILLINGTON AND QUIRK 

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccc 

1 UNSATURATED HYDRAULIC CONDUCTIVIlY FOR THE MUCK-TOPSOIL 
SOIL CALCULATED BY THE MILLINGTON AND QUIRK PROCEDURE. 

HEAD 
-15000.0000 
-14416.0000 
-13832.0000 
-13248.0000 
-12664.0000 
-12080.0000 
-11496.0000 
-10912.0000 
-10328.0039 
-9744.00391 
-9160.00391 
-8576.00391 
-7992.00391 
-7408.00391 
-6824.00391 
-6240.00391 
-5656.00391 
-5072.00391 
-4488.00391 
-3904.00391 
-3320.00391 
-2736.00391 
-2152.00391 
-1568.00391 
-984.003906 
-400.000000 
-328.571289 
-257.142822 
-193.749893 
-162.499435 
-136.363220 
-113.636215 
-91 .Ill099 
-70.908890 
-54.999771 
-42.499969 
-32.OOOOOO 
-24.285706 
-17.894730 
-12.631579 
-6.666613 
0.0 

THETA 
0.220000 
O.23OOOO 
O.24OOOO 
0.250000 
O.26OOOO 
0.270000 
O.28OOOO 
0.290000 
O.3OOOOO 
O.3lOOOO 
O.32OOOO 
0.330000 
O.34OOOO 
0.350000 
O.36OOOO 
O.37OOOO 
O.38OOOO 
0.390000 
0.400000 
0.410000 
0.420000 
0.430000 
0.440000 
0.450000 
O.46OOOO 
0.470000 
0.480000 
O.49OOOO 
O.5OOOOO 
O.5lOOOO 
O.52OOOO 
O.53OOOO 
0.540000 
0.550000 
O.56OOOO 
O.57OOOO 
O.58OOOO 
O.59OOOO 
O.6OOOOO 
0.610000 
O.62OOOO 
0.630000 





APPEXDIX G 

FIELD TLSTS OF DUIN?IOD 

The node l  p r e d i c t s  water  t a b l e  d e p t h ,  d r a i n  oucflow, s u r f a c e  runof f ,  

t r y  zone depth  and o t h e r  s o i l  wa te r  v a r i a b l e s  on a  cont inuous  b a s i s .  

There fo re  t h e  v a l i d i t y  of t h e  model can be t e s t e d  d i r e c t l y  by neasur ing  

t h e s e  v a r i a b l e s  i n  t h e  f i e l d  and comparing model p r e d i c t i o n s  w i t h  measured 

v a l u e s .  It i s  important  t h a t  f i e l d  t e s t s  of t h e  node l  be conducted and 

e s p e c i a l l y  t h a t  f i n a l  p r e d i c t i o n s  of t h e  model be compared t o  r e a s u r e d  

d a t a .  

The b a s i s  of DPAIhXODis an e x p r e s s i o n  f o r  a  w a t e r  ba lance  i n  t h e  

s o i l  p r o f i l e .  I n d i v i d u a l  components of t h e  w a t e r  ba lance  a r e  eva lua ted  

from approximate methods. While most of t h e s e  methods have been t e s t e d  

i a d i v i d u a l l y ,  t o  va ry ing  d e g r e e s ,  and t h e i r  l i m i t a t i o n s  docunented i n  t h e  

l i t e r a t o r e ,  accumulation of e r r o r s  f r o =  t h e  v a r i o u s  components coul?  cause  

l a r g e  i n a c c u r a c i e s  i n  t h e  composite model. The most d i r e c t  and meaningful  

way of t e s t i n g  t h e  r e l i a b i l i t y  of DILZIPlCD i s  t o  coopare model p r e d i c t i o n s  

w i t h  r e s u l t s  measured i n  f i e l d  s i t u a t i o n s .  Such exper iments  n o t  cr.ly sr,?- 

v i d e  a  good t e s t  of t h e  r e l i a b i l i t y  of t h e  model bu t  a l s o  docucents the  

r e q u i r e d  mole1 i n p u t s  f o r  t h e  s i t e s  and s o i l s  cons ide red .  'he:., a l s o  ?rc-  

v i d e  a  z e a s u r e  of t h e  d i f f i c u l t y  and expense of o b t a i n i n g  i n p u t  v a l ~ : r s  %r 

t h e  model. 

!tost of t h e  uses  contemplated f o r  t h e  model a r e  r e l a t e d  i n  some v2>- 

t o  wa te r  t a b l e  depth  and i t s  v a r i a t i o n  o v e r  t ime.  There fo re ,  when p o s s i b l e  

t h e  nodel  n a s  been t e s t e d  by conpar ing measured and p r e d i c t e s  % a t e r  t a b l e  

dec ths .  I n  t h e  c a s e  of t h e  Ohio exper iments  d i s c u s s e d  l a t e r  i n  t h i s  sec- 

t i o n ,  w a t e r  t a b l e  measurements were no t  m d e  b u t  e x c e l l e n t  d a t a  f o r  sub- 

s u r f a c e  d ra inage  r z t e s  and s u r f a c e  runoff  were a v a i l a b l e  f o r  s e v e r a l  years  

of r e c o r d .  I n  t h i s  case  com7arison be txeen  neasured a r d  p r e d i c t e d  drz in-  

age and runof f  r a t e s  were used a s  c b a s i s  f o r  j u l g i n s  t h e  v a l i d i t y  of the 

model f o r  Ohio c o n d i t i o n s .  



Data from f o u r  s t a t e s  r e p r e s e n t i n g  widely  d i f f e r e n t  s o i l s  and 

c l i r c a t o l o g i c a l  c o n d i t i o n s  a r e  be ing  used t o  t e s t  t h e  v a l i d i t y  of the  

model. Extensive  f i e l d  exper iments  were conducted t o  t e s t  DRAIEIOD 

dur ing  i t s  development i n  North Caro l ina  and t h e  r e s u l t s  p resen ted  i n  a 

t e c h n i c a l  r e p o r t  (Skaggs, 1978). Addi t iona l  d a t a  have been ob ta ined  

from r e s e a r c h e r s  i n  Ohio, F l o r i d a ,  and C a l i f o r n i a .  The r e s u l t s  of the  

t e s t s  of t h e  model f o r  each l o c a t i o n  a r e  d i scussed  i n  t h e  fo l lowing 

s e c t i o n s .  

NORTH CAROLIXA - 
F i e l d  exper iments  were i n s t a l l e d  i n  f o u r  l o c a t i o n s  t o  d e t e r n i n e  s o i l  

p r o p e r t y  and c l i m a t o l o g i c a l  i n p u t s  and t o  t e s t  t h e  r e l i a b i l i t y  of t h e  

model. Experiments were conducted over  a  f i v e  yea r  p e r i o d  and conpar isons  

of p r e d i c t e d  and measured d a i l y  wate'r t a b l e  dep ths  were made f o r  a  t o t a l  

of 21  s i t e - y e a r s .  The r e s u l t s  of t h e  exper iments  have been r e p o r t e d  by the  

a  ( % a s p ,  19781 and a r e  reproduced i n  t h e  fo l lowing  s e c t i o n s  f o r  t h e  

convenience of  t h e  u s e r .  

E m e r i m e n t a l  Procedure 

f i e l d  S i t e s  -- 
Exper inen ta l  s i t e s  were l o c a t e d  n e a r  Aurora,  Plymouth, L a m i n b u r g  

and Kinston,  N . C .  s o  f i e l d  d a t a  r e p r e s e n t i n g  a  good geograph ica l  d i s t r i -  

bu t ion  of t h e  C o a s t a l  P l a i n s  and Tidewater Regions i n  North C a r o l i n a  were 

ob ta ined .  The w a t e r  management systems on a l l  s i t e s  have f a c i l i t i e s  f c r  

subsur face  d ra inage  and w a t e r  t a b l e  c o n t r o l  as w e l l  a s  v a r y i n g  degrees  of 

s u r f a c e  d ra inage .  A b r i e f  d e s c r i p t i o n  of each s i t e  is  given below 

Drainage sys tem parameters  f o r  each s i t e  a r e  g iven i n  Table  16-1 a n t  a lfs: 

of c rops  grown on t h e  r e s e a r c h  s i t e s  is  given ir. Table  1:-2. 



Table 10-1. O r  a i n  age system parameters f o r  the experimental s i t e s .  

Parameter Aurora - Aust in  Farm P l y ~ ~ ~ o u t h  Laurinburg Kinston 
7.5 m 15 30 m Rains Goldsboro * * * 
Lumbee s. 1 . (some Myat t )  Cape Fear 1. Ogeechee 1. Rains Goldsboro Sol 1 type 

Type Dra in  
Dra in  spacing 
Drain depth 
Dra in  diameter 
E f f e c t i v e  d r a i n  

rad ius  
Depth from d r a i n  

t o  r e s t r i c t i v e  
1 ayer 

F a c i l i t i e s  f o r  water 
t a b l e  c o n t r o l  
a. c o n t r o l  l e d  

b. pump O " Y e t  i n  
capabi 1 i t y  

c l a y  t i l e  
7.5 m 
0.8 m 
102 nm 

- 4 i n .  open d i t c h  tub ing  
15 m 30 m 85 m 48 m 
0.9 m 1.0 m 0.8 m 1.1 m 
102 mm 102 mn open 125 mm 

s.1. s.1. 
tub ing  c l a y  t t l e  
30 m 30 m 

" 
A recent  examination o f  the s o i l  p r o f i l e  descr ip t ions  by SCS s o i l  s c i e n t i s t s  i nd i ca te  t h a t  
the f o l l o w i n g  changes should be made i n  s o i l  names used i n  t h i s  repor t .  

1. The s o i l s  r e f e r r e d  t o  as Lumbee s.1. and Myatt s.1. should have been c lass 
T o m t l y  s.1. 

2. The s o i l  r e f e r r e d  t o  here in  as Oqeechee 1. should be c l a s s i f i e d  as a Coxvi 

i f i e d  as 

l l e  1. 

Deta i led  descr ip t ions  o f  the s o i l  p r o f i l e s  are given i n  Appendix O .  The s o i l  p roper t ies  
and o ther  inputs used i n  DRAINIKN) were determined from on-s i  t e  measure~r~ents and from so i  1 
samples analyzed i n  the l a b  and not  i n fe r red  from pul l l ished descr ip t ions  o r  p roper t ies  o f  
the: s o i l  s t : r ies .  Tlie s o i l  ser ies  nallies are used here in f o r  i d e n t i f i c a t i o n  puryoses on ly  
~ n t l  the I..IIIII~WI~ itnd Oqceclwe nmcs re imin  unchanqed i n  t h r  t e x t ,  tables and f i e  n f  t h i s  
r(~:lm" I.. 



Table 10-2. Crops grown on research s i t e s ;  p l a n t i n g  and harvest ing dates. 

-- - - - -- -- - . . . - -- . -- . - - 

Aurora P l y~~ lou th  Laurinhurn 
Year Crop P lan t  Harvest Crop P lan t  Harvest Crop P lan t  Harvest 

date date date date date date 

1973 pota to  3- lo*  6-20 corn 4-15* 3-12 - - - 
soybean 7-17 11-14 

1974 pota to  3- lo*  6-17 corn 4-15* 10-4 co t ton  4 - I *  10-15* 
soybean 7-10 11-27 

1975 corn 4-21 9-10 corn 4-21 9-23 co t ton  4 - l *  10-1 5* 
wheat 11-12 - 

1976 wheat - 6-16 corn 4-15 9-1 co t ton  4-4* 11-lo* 
soybean 6-1 7 11-17 wheat 12-1 - 

1977 corn  4-25 9-1 * wheat - 6-18* co t ton  4-5* 10-25* 
soybean 6-20* 11 -20* 

" 
Approximate dates f o r  p l a n t i n g  o r  harvest.  



Aurora. The s i t e  near Aurora i s  located on the H. Carroll Austin 
farm and i s  the same s i t e  t ha t  was used in a previous study t o  investi- 
gate the f e a s i b i l i t y  of water table  control and subirrigation i n  the 
Coastal Plains (Skaggs and Kriz, 1972). The water management system 
consists of t i l e  drains spaced 7.5. 15, and 30 m apar t  and buried appro- 
ximately 1 m deep. The soi l  i s  primarily ~umbee*sand~ loam w i t h  some 
Myatt sandy loam and Torhunta sandy loam i n  the areas of the 7.5 and 15 m 
spacings. A schematic of the experimental setup i s  shown in Figure 10-1. 
The four drains f o r  each spacing empty into  an ou t l e t  ditch where a water 
level control s t ruc ture  is used t o  r a i s e  or  lower the water level fo r  
subirrigation or  drainage. Subirrigation was implemented by pumping 
additional water into  the di tch from a well located near the f ive  acre 
f i e ld .  In some years t h i s  system was used to  control the water table  
during April - July fo r  growing potatoes and corn; however, i t  was used 
a s  a conventional drainage system during most of the experimental period. 

L P l w u t h .  The experimental s i t e  near Plymouth i s  located on the 
Tidewater Research Station and was a l so  used in  the previous water t ab le  
control study. The so i l  i s  a Cape Fear loam and the water management 
system consists of open l a t e r a l  ditches spaced 85 m apart .  The f i e ld  was 
land-formed i n  about 1969 and has excel l en t  surface drainage. A water 
level control s t ruc ture  i n  the ou t l e t  ditch'permitted the water level i n  

the ditches t o  be controlled by e i the r  col lect ing f i e l d  runoff and drain- 
age waters o r  by pumping in to  the di tch from an i r r iga t ion  well. A weir 
was ins ta l led  in  the ou t l e t  s t ruc ture  t o  ra i se  the water table  during the 
months of May, June, and July i n  1974 and 1975 t o  supply water to the 
crop. Water was pumped fnto the ou t l e t  and the di tch water maintained 
f o r  subirrigation purposes f o r  short  periods i n  both years. However the 
system was operated in a controlled drainage mode without pumping f o r  
most of the growing season. Figure 10-2 s h s  the weir and the ra'sed 
water level i n  the ou t le t .  Th i s  f i e l d  was a l so  used as  one treatment 
in another Water Resources Research I n s t i t u t e  sponsored study reported 
by Gilliam e t  a l .  (1978) on controll ing the movement of f e r t i l i z e r  
n i t r a t e s  i n  d rdnage  waters. As a par t  of t h i s  investigation the weir 
level was raised almost to  the  surface during the  winter months of 
0 

See footnote, Table 10-1. 



OBSERVATION WELLS - 0 

RECORDING RAIN GAUGE- 

-- 

Figure 16-1. Schematic of experivental  setup 00 the  h .  Carrol l  Austin 
Farm, Aurora, N . C .  

Figure 10-2. A water :eve1 control  s t r u c t u r e  i n  t h e  o u t l e t  d i t ch  a t  
the  T1cewter  Research S ta t ion  permitted cont ro l led  
drainaoe ana subi r r7gat ion  on the  C;x Fear so i l .  



1973-74 and 1974-75 and the system operated in the controlled drain- 

age mode f o r  purposes of studying the e f f ec t  of high'water tables on' 
the movement and deni t r i f icat ion of f e r t i l i z e r  n i t ra tes .  

Laurinburc. Experiments were conducted on a water management 
system located on the McArne Bay farm of McNair Seed Company near 

Laurinburg, N . C .  The soi l  was formerly c lass i f ied  as a Portsmouth 
loam b u t  more detailed analysis indicated primarily ogeechee*with small 

areas of Coxville in the experimental area. The loam and sandy clay 
surface layers a re  underlain a t  about 1 m by a coarse sand layer which 
varies i n  thickness from 0.50 to  1.2 m. Drain tubes a re  spaced 48 m 

apart and ou t le t  into a large drainage di tch.  The water level in the 
ditch i s  controlled by raising or lowering the weir on a water level 
control s t ructure  and holding drainage and runoff water in the ditch.  
During dry periods water may be pumped from a drainage canal to  ra i se  
the water in the ou t l e t  ditch.  Thic.water managenent system is'an' . 

L, i n t e y a l  par t  of the drainage and i r r igat ion system for  an en t i r e  - .  

Carolina Bay consisting of about 1200 acres. 
Kinston. Water managenent systems on a Rains sandy loam and a 

Goldsboro sandy loam on the Tobacco Experiment Station a t  Kinston were 
studied. Both systems have ~ o o d  surface drainage and have t i l e  drains 

spaced 30 m apart  and buried 1 to  1.2 m deep. Water level control 

structures were insta l led on the main t i l e  l ines  in  each systen to 
control the drainage ra te  ~ n d  were used in the f e r t i l i z e r  n i t r a t e  s:ddy 

by Gilliam -- e t  a l .  (1978) referenced above. A1 though water table records 

of suf f ic ien t  length t o  t e s t  the model were not collected on these s i r e s ,  
short term experiments were conducted and input properties were measure? 

fo r  each soi l  and may be used for  long term simulations. 
Field Measurements. - 
Although the design and management of the water table control 

system vary in  some respects among the s i t e s  discussed above, most o f  

the f ie ld  measurement procedures were the same for  each s i t e .  The 

water tabte elevation midway between drains was measured in 10 c~ 
diametitr observation wells, d r i l l ed  to the depth of the impermeable 
layer ,  and f i t t e d  w i t h  Leupold and Stevens type F water level recorjers 
* 

See footnote, Table 10-1. 



t o  g i v e  a  cont inuous r e c o r d  o f  t h e  wa te r  t a b l e  p o s i t i o n .  The same 

i n s t r u m e n t  was used t o  r e c o r d  t h e  wa te r  l e v e l  i n  t h e  d ra inage  d i t c h e s ,  

or ,  i n  t h e  case o f  d r a i n  tubes, t h e  w a t e r  l e v e l  i n  t h e  o u t l e t  d i t c h .  

The unsa tu ra ted  s o i l  w a t e r  p ressure  head d i s t r i b u t i o n  was measured 

w i t h  tens iomete rs  f o r  i n t e r v a l s  o f  a  few weeks d u r a t i o n  d u r i n g  the  

growing season a t  t h e  Plymouth and Aurora s i t e s .  Tensiometers were 

p laced  a t  15, 30, 45,  60, 75,  and 120 cm depths midway between sub- 

surface d r a i n s .  - 
e s t s  oi s h o r t  d u r a t i o n  were ccnducted cn the  Aurora and P l y r o u t r  

s i t e s  t o  ~ a k e  i n t e n s i v e  measurements o f  s o i l  wa te r  c o n d f t i o n s  d u r i n g  

dra-nage and s u b i r r i g a t i o n .  The wa te r  t a b l e  was r a i s e d  t o  near  t h e  s o i l  

sur face by r a i s i n g  t h e  w e i r  l e v e l s  i n  t h e  wa te r  l e v e l  c o n t r o l  s t r u c t u r e s  

and p m p i n g  wa te r  i n t o  t h e  o u t l e t  d i t c h e s .  Piezometers were i n s t a l l e d  

a t  t + e  tens iomete r  depths  g i v e n  above a t  t h e  m i d p o i n t  and q u a r t e r  p o i n t s  

between d r a i n s  and used t o  de te rm ine  t h e  e x i s t e n c e  o f  v e r t i c a l  g r a d i e a t s  

i n  t he  s a t u r a t e d  zone o f  t h e  p r o f i l e .  Then t h e  w e i r  l e v e l  was lowered 

a n 2  :he tens iometers  and p iezometers  r e a d  severa l  t i m e s  d a i l y  d u r i n ~  t h e  

dra inage p e r i o d  t o  t e s t  the  v a l i d i t y  o f  t h e  l i n e a r  p ressure  head d!s- 

t r i b u t i o n s  assumed i n  DRAINMCD f o r  t h e  d ra inage  p e r i o d .  

R a i n f a l l  was measured on each s i t e  w i t h  a  ':leati~er!?easure !:ode? 

P501-1 t i p p i n g  bucket  r e c o r d i n g  r a i n  gauge w i t h  a  P521 event  r e c a r d e r .  

A l though  t h i s  i n s t r u m e n t  a c c u r a t e l y  measured t h e  v a r i a t i o n  o f  r a i n f a ; :  

f n t e q s i t y  w i t h  t ime,  h o u r i y  va lues  were used as i r p u t s  t o  t e s t  2?AY'?C2. 

Use of r a i n f a l l  da ta  on a  more f r e q u e n t  b a s i s ,  say 10 t o  15 r i n u t e s ,  :? t  

a o s s i b l e  and would have > robab ly  a l l o w e d  a b e t r e r  e s t i n a t i o ~  o f  i n f i ; t r z -  

:ion and r m o f f .  However, da ta  a v a i l a b l e  f r o r  dea the r  sta:ioc r e c n r r s  

have a maximum f requency o f  one hour  i n  most cases.  S ince  these a re  t h e  

data  t h a t  w i l l  be used i n  s i m u l a t i o n ,  t h e  model was t e s t e d  u s i n g  rness~r?:  

r a i  n f a l l  a c c u r u l a  t e d  o v e r  one-hour i n t e r v a l s .  

D a i l y  maximum and minimum temperatures  were o b t a i n e d  f r c n  wezther 

s t a t i o n s  near  each s i t e  and t h e  p o t e n t i a l  ET c a l c u l a t e d  by  t h e  

Thorn tnwa i te  method, U.S. Neather  Bureau s tsndard  e v a p o r a t i o n  oars  ::ore 

i n s t a l  l e d  a t  each l o c a t i o n  and m o d i f i e d  t o  r e c o r d  e v a p o r a t i o n  c o n t i n -  



uously (Figure 1C-3). Details of the design and operation of the record- 
ing pan as well as  comparisons between pan measurements and 

Thornthwai te-predictions a re  given by Mohamad (1 978). However, the 
Thornthwaite method i s  used t o  compute PET i n  the present version of 

DRAINMOD, so i t  was a l so  used i n  tes t ing the va l id i ty  of the model 

predictions. 

Surface runoff plots  were ins ta l led  to  measure surface runoff 
during ra infal l  events and to  be used i n  determjning the in f i l t r a t i on  
charac te r i s t ics  of the s o i l s .  Sheet metal barr iers  were insta l led 
around the 3 m x 4 m plots and the runoff was diverted to buried 
reservoirs (Figure 10-4;. b c f f  ra tes  were measured and recorded us'ng 

a tipping bucket apparatus in conjunction with an event recorder. In- 
f i l t r a t i o n  t e s t s  were conducted by sprinkling water on the surface of 
the plot  a t  a r a t e  of approximately 120 mm/hr and measuring the runoff 
ra te .  

Surface depression storage was characterized by making elevation 
surveys on a f i n e  meshed grid and by using a surface sealing procedure 

to  determine the storage i n  small pockets o r  depressions caused by 
micro-relief. These measurements were made as a part  of a detailed 

study of surface storage and a re  described i n  de ta i l  by Gayle and 
Skaggs (197.3). 

One of the functions of DRAINMOD i s  to  determine, on a day t:, day 

basis,  whether conditions a re  sui table  fo r  conductirg f i e ld  o p e r a t i o ~ s ,  

as discussed i n  Chapter 3 .  This determination i s  based on soil  and 
weather conditions and requires input data specifying the drained, or 

a i r ,  volume below which conditions a r e  not su i tab le  f o r  f i e l d  operatisns. 
The amount of ra infa l l  necessary t o  postpone f i e l d  operations and the 
length of time a f t e r  ra infa l l  occurs before operations can continue are 

a lso needed inputs t o  the model. These parameters were approximated 
for  the s o j l s  considered in  t h i s  study by f i e l d  observations in :he 

spring months of 1975 and 1976. Field conditions on a l l  research s i t e s  
were monitored by experienced technicians in coordination w i t h  the f am-  

e r  or  experiment s ta t ion  personnel. When the soi l  reached a conci t im 
that  was jus t  dry enough t o  plow and prepare seedbed, soi l  samples were 

taKen from 10 and 20 cm depths a t  several locations within the f i e ld  



Figure 10-3. A s tandard evapc-ation pan was modit ec. t o  record pan 
evaporation d i r e c t l y .  f r eservo: r  was s e t  up t o  supply 
water t o  t h e  pan through a f l o a t  valve ds evaporation 
took place. By recording t h e  water lek 1 'n t he  
r e s e r v o i r ,  evap!lration could be d e t e r ~ i n e d  a s  a funct ion  
of time. 

F i g w e  1C-6. Runoff from 3 m X 4 m p l o t s  was recorded with a t i p p i n g  
bucket apparatus and an e v w t  recorder .  



and the  volumetric water  conten t  determined. Drainage o r  a i r  volumes 

corresponding t o  t h e  measured water conten ts  were determined from the  

s o i l  water c h a r a c t e r i s t i c s  and the  dra inage  volume - water t a b l e  depth  

r e l a t i o n s h i p s . '  The amount of r a in  necessary t o  postpone f i e l d  opera- 

tions and the  minimum time required a f t e r  t h a t  amount of r a i n f a l l  before 

opera t ions  can proceed were a l s o  approximated based on the  s o i l  type and 

experience of  the  f a m e r  o r  s t a t i o n  manager. 

Soi l  Prooerty Measurements. - 
The sa tu ra t ed  hydraul ic  conduct iv i ty  was measured i n  t he  f i e l d  

using the  auger hole  method (Boast and Kirkham, 1971) and a  method based 

on water t a b l e  drawdown (Skaggs, 1976).  The unsa tura ted  hylrauli:  condac- 

t i v i t y  func t ion  K(h) was est imated using the  method of Mi i l i ng to i  and 

Qui rk  (1960) w i r h  a  matching f a c t o r  a t  s a t u r a t i o n .  T h e  K(h) func t icn  f o r  

the  Wagran and top 60 cm of the Lumbee s o i l s  were measured experimental ly  

(Wells and Skaggs, 1976) .  

Soi l  water  c h a r a c t e r i s t i c s  f o r  each s o i l  horizon down t o  the  dra in  

depth were determined o n  small undisturbed core samples using a  s t m d a r d  

pressure  p l a t e  method (Richards,  1965). The r e l a t i o n s h i p  between d ra in -  

age volume and water t a b l e  depth was measured d i r ec tyy  on l a rge  undis- 

turbed s o i l  cores  (0.50 m in  diameter and approximately 1 m l ong ) .  The 

procedures f o r  e x t r a c t i n g  the  cores  and making the measurements a r e  des-  

c r ibed  by Skaggs e t  a l .  (1978) .  The cores  were a t tached  t o  grave? f i : ? e d  

bases in  the l a b  and wetted from the  bottom by r a i s i n g  a  water r e s e r v o i r  

connected t o  t h e  o u t l e t .  After the water t a b l e  rose  to  the sur face  and 

remained f o r  a t  l e a s t  one day t h e  o u t l e t  r e s e r v o i r  was lowered in sma:1 

increments and the  dra inage  volume measured a t  each water t a b l e  deprh. 

Resul t s  - Soil  P rooe r t i e s  

riydraulic - Conduct ivi ty  

The r e s u l t s  of the sa tu ra t ed  conduct iv i ty  measurements a r e  summariz- 

ed in Table #)-3. Values obtained from both drawdown and auger hole  measJre- 

ments var ied with i n i t i a l  water t a b l e  depth and fr:i p o i n t  t o  po in t  in  

t he  f i e l d s  so  average values a r e  tabula ted .  The s o i l s  on the Aurora, 

Plymouth a n d  Laurinburg s i t e s  have sandy l aye r s  a t  depths below about 1  r. 

(kppendix 6 )  which have higher K values than the su r f ace  l aye r s .  The con- 



TablelO-3. Summary of average hydraul ic  conduct iv i ty  values from auger 
hole and drawdown measurements. 

S i t e  Method No. measurement Average K value 

Aurora 
7.5 m drawdown 17 1.01 ca ih r  

auger hole 9  ' .84 
15 m drawdown 19 1.84 

auger hole 9 1 .73  
30 m drawdown 19 

auger hole 10 3.16 
Plymouth drawdown 7  37.2 

auoer hole 6 15.3 
Laurinburg drawdown 8 6 .3  

auner hole 3  7.8 
Kinston 

Goldsboro as ler  hole m 
J 

l , , r g e  core ( 
( v e r t i c a l  K) 2 

Rains auger hole  5 
l a rge  core , 

( v e r t i c a l  K )  1 

d u c t i v i t i e s  31 tlle var ious p r o f i l e  l aye r s  a r e  d i f f i c u l t  t o  de t e r s ine  f r s -  

drawdown measurements as  the drawdown depends on the  conduc t iv i t i e s  in 

a l l  l aye r s  below the  water t a b l e .  Likewise measurements from auger h c i e s  

t h a t  pene t ra te  o r  c l o s e l y  approach the  sandy l aye r  may be expected t" 

give an intermediate  value between the K's of the  upper an t  Io'aer i q e - s .  

The s o i l s  on the  Aurora s i t e  a r e  p a r t i c u l a r l y  d i f f i c u l t  to 

cha rac t e r i ze  because of sandy l aye r s  i n  the  sur face  horizons w h i c h a ~ e  

of varying thickness  and sometimes discont inuous.  For exapple,  in ;re- 

vious s tud ie s  (Wells and Skaggs, 1976),  we found the  v e r t i c a l  K i n  3 

l a rge  cores of the  su r f ace  60 cm of Lumbee t o  be g rea t e r  than 10 c-;i- 

y e t  only 1.2 cmlhr in  a  4th core from the  same general area of the f i e ' ? .  

Measureme~ts from o the r  cores g r e a t e r  than 1  m deep and ana lys i s  c f  t r E  

K determinat ions from auger hole and drawdown measurements accordin! t o  

i n i t i a l  water t a b l e  depth i n d i c a t e s  t h a t  t he  sur face  0.75 to  1  n sf the 
- .  . 

Aurora s o i l s  have an e f f e c t i v e  ' a t e r a1  K of about 1  cm/hr. I n  so-e r ' e  : 



L/ 
loca t ions  the  e f f e c t i v e  K of the sur face  zone i s  higher ,  and the re  a re  

high K layers  within t h i s  zone in ne2rly a l l  l oca t ions .  However draw- 

down and auger hole measurements ind ica te  t h a t  the e f f e c t i v e  K f a l l s  

within the  range of 0.75 t o  1 .5  cm/hr f o r  the surface  l a y e r .  Values 

tend t o  be near the  higher end of the range f o r  the  Lumbee s o i l s  where 

the  spacing i s  30 m and somewhat lower f o r  the  s o i l s  in  the  7.5 and 

15 m spacing. The K value of the  dee?er sandy layer  i s  about 3 cii/hr. 

Analysis of the  K values with r e spec t  t o  i n i t i a l  water t a b l e  depth 

and s o i l  p r o f i l e  layer ing  r e su l t ed  in the values given in Table :0-4 f o r  

conduc t iv i t i e s  a t  each s i t e .  The e f f e c t i v e  l a t e r a l  K of the  p r o f i l e  

when the  water t a b l e  i s  near the su r face  was ca lcula ted  from the  conduc- 

t i v i t i e s  of the  two layers  and may be compared t o  the values in Table 13-2 

Table 10-5. Sumriary of K values of p r o f i l e  layers  used as input to  
DRAINMOD. 

- - 
> i  C,e Layer Deprn (n j  K ( c n l h r ;  Equivalent K* f o r  

p r o f i l e  (cmihr)  
,Aarora 

7.5 m 0.- 1 .0  *, 1 .0  cm/ hr 
1.0 - 1 .08 3.0 1.14 m/hr 

15 m 0 - 1.0., 1 . O  
1 . 3  - 1.23 3.0 1.37 

j C  n 0 - 1 . 3  *3 1 . O  
1 .0  - i  .sa 3.0 1 .73  

?::ncuth 0  - 1.1 .+ 15.0 
1.1 - 2.82 45.0 34.3 

Laurinburg 0  - 1.20 0.75 3.5 
1.20- 2.40 6 . 3  

Ki nston 
Go! asboro 0  - 1 .4  6 . 5  6 . 5  
Rains 0  - 1.1 4 . 3  3.6 

1.1 - 1 .4  1  . O  3 .6 

* 
This value i s  ca l cu la t ed  f o r  l a t e r a l  flow ( p a r a l l e l  t o  the  l a y e r s )  
witn the  water t a b l e  a t  the sur face .  

** 
Effec t ive  deptns of the p r o f i l e s  when co r rec ted  fop convergence near 
the  d ra in .  



The c o n d u c t i v i t y  i n p u t s  t o  DRAINMOD a r e  t h e  va lues g i v e n  f o r  i n d i v i d u a l  

l a y e r s  i n  T a b l e l 3 - 4 .  I t  shou ld  be noted t h a t  t h e  va lues g i v e n  f o r  t h e  

drawdown method i n  Tab le  1 0  a r e  averages ob ta ined  f o r  a  range o f  i n i t i a -  

wa te r  t a b l e  depths.  G e n e r a l l y  t h e  va lues f o r  Aurora  and Plymouth i n -  

creased w i t h  i n i t i a l  wa te r  t a b l e  depth. L i k e w i s e  t h e  e q u i v a l e n t  conduc- 

t i v i t i e s  ob ta ined  f r o m  t h e  l a y e r  va lues g i v e n  i n  Tab le  10-4  ill i x r e ~ j e  

w i t h  dep th  because of t h e  h i g h e r  c o n d u c t i v i t y  o f  t h e  bot tom l a y e r .  

S o i l  Water C h a r a c t e r i s t i c  and Drainage Volume - Water Table D e ~ t h  -- - --- 
Rela t i o n s h i p s  

S o i l  water  c h a r a c t e r i s t i c  data  (d ra inage  branch)  a r e  t a b u l a t e d  in,  

T a b l e t - 5 f o r  t h e  s o i l s  cons ide red  i n  t h i s  study.  Data a r e  a l s o  present?? 

f o r  two a d d i t i o n a l  s o i l s ,  a  Uagram loamy sand, and a  Portsmouth sacdy 

loam; t h e  l a t t e r  s o i l  i s  l o c a t e d  cn t h e  T idewater  Experiment S t a t i o n  a t  

Plymouth. l l i l t i n g  p o i n t  water  con ten ts  a r e  a l s o  i n c l u d e d  i n  t h e  s c i l  \ 

water  c h a r a c t e r i s t i c  data .  The main use o f  t h e  s o i l  water c h a r a c t e r i s -  

t i c  i n  DRAiNf:OD i s  t o  c a l c u l a t e  t h e  r e l a t i o n s h i p  between dra inage ; . c l~ -e  

and w a t e r  t a b l e  depth.  Howeve? these  r e l a t i o n s h i p s  were measured d ! rec t -  

l y  from l a r g e  f i e l d  co res  f o r  a l l  s o i l s  on t h e  exper imenta l  s i t e s  exce;: 

f o r  t h e  'heec l  ?e s o i l  on t h e  L a u r i n b u r g  s i t e .  The measured d ra inace  
.* - volume - wa te r  t a b l e  dep th  r e l a t i o n s h i p s  a r e  p l o t t e d  i n  F i g u r e  SL-:. 

R e l a t i o n s h i p s  f o r  v a t e r  t a b l e  depths  g r e a t e r  than t h e  core  depth, :.!?re 

c a l c u l a t e d  f rom t h e  s o i l  w a t e r  c h a r a c t e r i s t i c s .  The e n t i r e  relzric-ski; 

was c a l c u l a t e d  f o r  t h e  s o i l  on t h e  Laur inburg  s i t e  as l a r g e  cores mr? 

n o t  c o l l e c t e d  f r o m  t h i s  l o c a t i o n .  

I n f i l t r a t i o n  Parameters 

C o e f f i c i e n t s  o f  t h e  Green-Arpt  i n f i l t r a t i o n  equa t ion  were detsF-!?e? 

f rom i n f i l t r a t i o n  measurements on t h e  s u r f a c e  r u n o f f  p l o t s  and o i  lar ;?  

und is tu rbed  f i e l d  cores.  Some runo f l '  p l o t  i n f i l t r a t i o n  measure-ents were 

made by  s p r i n k l i n g  u a t e r  a t  a  known r a t e  on t h e  p l o t  and subtrac:i?; :\e 

measured r u n o f f  r a t e  f rom t h e  a p p l i c a t i o n  r a t e .  Other i n f i l t r a t i o n  

measurements were determined f r o m  r u n o f f  caused by n a t u r a l  r a i n f a :  1 

events .  Measurements on f i e l d  cores were made by ponding water on the  

surface o f  t h e  same l a r g e  cores used t o  determine t h e  dra inage v o i m e  - 



Table lo-5.  Drainage branch o f  the  s o i l  water c h a r a c t e r i s t i c s  f o r  the  s o i l s  considered i n  t h i s  
study. Values g iven  i n  t a b l e  a r e  vo lumet r i c  water con ten ts .  

- -- 
S o i l  w i F r  pressure h z d T m  o f  water )  Ld i  1 t i n g  

S o i l  ooi nt. -. 

- 0 -10 .20 -30 -40 -50 -60 -70 -- -80 -100 -150 -200 -500 115 bars)  -- 

Lunhee s. 1 . - Aurora 
(0  - 0.6111) 0.342 0.335 0.327 0.305 0.290 0.200 0.270 0.265 0.256 0.250 0.210 0.190 0.12 

Cap? Fear 1 .  - Plymouth 
(0.15 n ~ )  0.482 0.444 0.429 0.418 0.410 0.402 0.396 0.392 0.388 0.381 0.372 0.368 0.22 
(0.5 m )  0.462 0.444 0.329 0.422 0.417 0.412 0.409 0.405 0.401 0.394 0.378 0.367 '? 

+- 
Lr! Ogeechee 1. - Laur inburg  

(0.3 111) 0.450 0.433 0 . t 20  0.410 0.405 0.402 0.398 0.397 0.391 0.385 0.372 0.365 0.340 0.24 
(0.75 ni )  0.425 0.398 0.383 0.368 0.358 0.347 0 . 3 3 5  0.331 0.326 0.320 0.312 0.307 0.293 

Goldsboro s.1. - Ki l ls ton 
(0. 15 111) 0.364 0.354 0.340 0.322 0.300 0.272 0.253 0.242 0.234 0.224 0.192 0.186 0.06 
(0.4G I:I) 0.370 ( i . 360  0.3'0 0.340 0.32G 0.312 0.303 02!'7 0 . 2 9  0.288 0.282 0.280 

Rains s .  I .  - K ins ton  
(0.15 in) 0.370 0.300 0.282 0.272 0.266 6.258 0.254 0.248 0.244 0.238 0.228 0.224 0.09 
(0.40 111) 0,368 0.326 0.302 0.286 0.275 0.267 0.261 0.256 0.251 0.244 0.231 0.222 

P o r t m o u t l ~  s .  1.  - Plymouth 
(0.15 ln) 0.330 0.363 0.354 0.346 0.340 0.334 0.328 0.324 0.319 0.312 0.304 0.296 0.13 
(0.40 111) 0.400 0.382 0.370 0.3h1 0.354 0.348 0.342 0.330 0.3% 0.334 0.331 0.37fl 
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WATER T A B L E  DEPTH,m 

F i g u r e l C - 5 .  Dra inace vo lune o r  h i r  vo luce  (cn?!c-?) a s  a  func::c- 2: 
w ? e r  t a b l e  dep th  f o r  s o i i s  cons ide red  i n  t h i s  stuc;. 
(Sane a s  F i s u r e  5 - 4 ) .  

w a t e r  t a b l e  de:th r e l a t i o n s h i p ' .  F i n a l l y ,  a d d i t i o n a l  reasureren:s : e r e  

xade u s i n g  guarded r i n g  i n f i ? t r o m e t e r s .  C o e f f i c i e n t s  A and G c i  t t e  

Green-Awpt equa t ion  were d e t e r m i r d  f r o n  each measured r e l a t j c n j h i ?  a ~ i  ., - ? J o t t e d  versus the  i n i t i a l  w a t e r  t a b l e  dep th  (e.?.  F i y r e  kC-c Cc:- i:i?i.2 

sandy loam) .  !.ihen a  d ry  zone e x i s t e d  a t  t h e  s o i l  s u r f a c e  an er , '~ iv??eo:  

i n ? t i ? l  wa te r  t a b l e  d e p t h  was d e f i n e d  such t h a t  t h e  a i r  volume co r res -  

pond ing t o  t h e  e q u i v a l e n t  d e o t h  i s  equal  t o  t h e  t o t a l  a i r  v c : r ~  ;a :+,? 

p r o f i l e  i n c i u d i n g  t h e  d r y  zone. Values of t h e  c o e i f i c i e n : ~  A a n t  S 

corre:ponding t o  s e l e c t e d  i n i t i a l  u a t e r  t a b l e  depths  v!ere o c t a i w d  f r r  
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Figure 2a.  Green-Ampt p a r a ~ e t e r s  A and B versus water t ab le  depth for 
t he  Lumbee sandy loam s o i l  on the Aurcra s i t e .  

the p lo ts  and used a s  inputs  t o  the computer program. These values a re  

tab-lated in  Table 13 foi- the experimental s i t e s .  In the simulation 

process,  D R A I N I C D  s e l e c t s  coefficieni.5 by i n t e r p o l a t i o r  from the tab le  

based or t he  i n i t i a l  equiva'cnt water t ab le  depth. 

Upward Water M o v e m ~ n t  

Relationships between maximum r a t e  of upward water ;:oveYent and  

water t ab le  depth were defined f o r  each s o i l  by numerically solving 

?quation lE f o r  v e r t i c a l  unsaturated water movement due to  Ei a: the 

sur face .  The surface boundary coca i t ion  was assumed t c  Le h = -1CCC cm. 

The re la t ionships  a r e  p lo t ted  in Figure 25. 
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Figure 1 @ 7 .  Effec t  of water t a b l e  dept!) on steady upvard f l u x  from 
t h e  w a t e r  t ab le .  (Sane a s  Figure 5-6). 

T ra f f i cab i l  i t y  parameters 

T r a f f i c a b i l i t y  parameters f o r  the s o i l s  considered i n  th is  study 

a r e  l i s t e d  in  Tablela-?.  These data  a r e  not used t o  t e s t  t he  model but 

a r e  important inputs  f o r  long term simulations f o r  the given s o i l s .  The 

parameters given were determined f o r  plowing and seedbed preparation i n  

t h :  spr ing.  K O  attempt was made t o  determine t h e  parameter values f o r  

t he  harvest  season. Generally the  maximum allowable s o i l  water content 

f o r  f i e l d  operat ions would be higher and t.he required drained ( a i r )  

volume lower during the harvest  season than f o r  seedbed preparation. 

Root Depths 

The crop root  depths were estimated from the  p lant ing  and harr.esti-; 

da t e s  given i n  TablelS-2.The p l o t s  given i n  Figure 2-22 were i j e d  c j  a 

guide t o  determine the root ing depth f o r  corn. The m3x:'nun e f f ec t ive  



Tablelb-6. Est imates o f  c o e f f i c i e n t s  f o r  the Green-Ampt i n f i l t r a t i o n  equat ion as a  func t ion  o f  
i n i t i a l  equ iva len t  water t a b l e  depths. 

* - -- 

Equiva lent  water t a b l e  depth (m) 

Soi 1 0  0.50 1  .O 1.5 2.0 5.0 
A B A B A B A B A B A - B 

Cape Fear 0  0  0.8 0.5 6.6 0.8 9.5 1.0 11.0 1  .O 13.0 1.0 

Goldsboro 0  0  1.2 0.75 2.7 1.25 4.4 2.0 5.3 2.0 26.0 2.0 

Rai r,s 0  0  1.2 0.50 3.0 0.75 6.0 1.0 9.2 1.0 25.0 1.0 

Portsmouth 0  0 1.2 0.75 6.5 1.2 10.0 1.5 12.0 1.5 15.0 1.5 

Rladen 0  0  0.82 0.15 1.3 0.15 1.5 0.15 1.8 0.15 2.1 0.15 

* 
Equiva lent  water t a b l e  depth i s  t!:e dra ined t o  e q u i l i b r i u m  w a t e r  t a b l e  depth corrcsl~c,t ld ing t o  a  

g iven  amount o f  a i r  volume i n  the p r o f i l e .  For example i f  the water t a b l e  depth was 1.0 m bu t  a 
d r y  zone e x i s t s  so t h a t  the  p r o f i l e  conta ins 10 cnt3 o f  a i r  per  cnlL o f  sur face area, the equiva lent  
water t a b l e  depth i s  the drained t o  e q u i l i b r i u m  depth t h a t  would have 10 cm o f  a i r .  



Table 1 0 7 .  T r a f f i c a b i l i t y  parameters f o r  plowing and seedbed preparat ion.  

Max~mum water 
Soi l  content-pi ow 

1 ayer AMIN* ROUTA** ROUTT*** 
(cm3/cm3) (m) ( m m )  (days) 

Cape Fear 1 .  0.395 33 12 2  
Lumbee s .  1. 0.265 28 15 1  
Ogeechee 1 .  0.39 34 12 2  
Goldsboro 5.1.  0.23 32 15 1  
Rains s .1 .  0.25 39 12 2 
liagram 1  . s .  0.15 35 15 1  
Bladen 5.1. 0.40 30 10 2  
Portsmouth s . l  . 0.32 30 12  2  

* 
AMIN = t he  minimum a i r  volume (or  drained volure)  f o r  plowing and 

seedbed prepara t ion .  That i s ,  i t  would be too we: t o  prepare 
seedbeds i f  the drained volume i s  l e s s  than AMIN. 

** 
ROUTA = t he  amount of  ra in  necessary t o  postpone f i e l d  work. 

*** 
ROUTT = the time necessary f o r  s o i l  water r e d i s t r i b u t i o n  before 

f i e l d  work can be r e s t a r t e d  a f t e r  i t  has been postponed by 
r a i n f a l l  i n  excess of ROUTT. 

root ing depth fo r  corn was assumed t o  be 30 cm while 25 cn was a s s ~ r e i  

fo r  potatces,  soybeans and wheat. The root ing depths f o r  each s i t e  a r e  

tabulated as a funct ion of Ju l i an  da te  f o r  each year in 1,ppevlix C. 

Climatological - Data 

Hourly p r e c i 7 i t a t i o n  data  measured on each exper icenta l  s i t e  a r e  
given by S k g g s  (1978) f c r  the durat izn of t k  s:?d)c Caily nariwm 2:' 

minimum temperatures were obtained from published U.S. Weather aarca; 

records f o r  s t a t i o n s  a t  Aurora, Plymouth and Laurinburg. The Plyrout". 

weather records were co l l ec t ed  on the  Tidewater Experiment S ta t ion  : .hile 

t he  weather s t a t j o n s  a t  Aurora and Laurinburg were within a  few kn of 
t he  experimental s i t e s .  

!later Level in  Drainage Outlet  --- 
The drainage o u t l e t s  i n  t h e  f i e l d  experiments a t  Aurora, Plync~:" 

a n d  Laurinburg a l l  received water from l a r g e  a reas  ou t s ide  of the 



experimental a r eas .  As a  r e s u l t  i t  was no t  poss ib le  t o  p r e d i c t  the 
water l eve l  i n  t he  drainage o u t l e t .  The water leve l  i n  the  o u t l e t  was 
measured continuously and the  average d a i l y  value was used a s  an i n p u t  

t o  t e s t  DRP.;NMOD. That i s ,  t he  measured water leve l  i n  the  d i t c h  was 
read i n  r a t h e r  than predic ted  from subroutine YDITCH in  the model. 
The o u ~ l e t  water l eve l s  a r e  p lo t t ed  f o r  t h e  Aurora  s i t e  in Figures 1 0 2 3  

t o  1025.  

Measured Versus Predicted Water Table Elevat ions -- 
Mater tab1 e  e l eva t ions  predicted by DRAINMOD a r e  compared to  measured 

values i n  t he  p l o t s  given on the  following pages. The measured and pre- 
d ic ted  water t a b l e  e l eva t ions  a t  t he  end of each day were p lo t t ed  automa- 

t i c a l l y  by the  computer f o r  a  s e r i e s  of one-year t e s t  pe r iods .  The agree- 
ment between predicted and measured values was quan t i f i ed  by ca l cu la t ing  
a  standard e r r o r  f o r  e a ~ h  t e s t  period defined a s  fo l lows,  

where s  i s  t he  s tandard e r r o r ,  n i s  the number of days i n  t h e  t e s t  period 
( y e a r ) ,  Y i  i s  t he  measured water t a b l e  e l eva t ion  above a  d a t m  a t  t h e  erd . 
of each day and Y i  i s  t h e  predicted water t a b l e  e l eva t ion .  The a v e r a ~ e  

devia t ion  (a .d.)  was a l s o  computed f o r  each t e s t  period as , .  

where t h e  symbols a r e  the  same a s  defined above. 
I t  should be emphasized t h a t  t he  p l o t s  given on the follow in^ Fases 

a r e  - not the  r e s u l t s  of a  da t a  f i t t i n g  e x e r c i s e . .  In every case  the  agree- 
ment between measured and predicted r e s u l t s  could be imprcvea by chang- 

ing one o r  more of  t he  ,model inputs .  However t h e  values required :o 
optimize the f i t  could not be determined a ,-rtorC so  juqo_ling the  

various inputs  t o  imorove the  agreement w i t h  observed da ta  would not pro- 

ii vide a  meaningful t e s t  of the model r e l i a b i l i t y .  ~ n s t e a d ,  each i n ~ u t  

parameter was determined independently a s  discussed in  previous sec t ions  



of t h i s  r epo r t .  In a few cases  the  parameters wil l  be varied t o  de t e r -  

mine the  s e n s i t i v i t y  of the  model t o  e r r o r s  in  parameter determinations. 

However, comparison of predicted r e s u l t s  with values measured in  the 

f i e l d  using independently measured input  parameters i s  the  only t rue  

t e s t  of t he  r e l i a b i l i t y  of the  model. This i s  the method used herein 
t o  determine the  s u i t a b i l i t y  of DRAINMOD f o r  appl ica t ion  t o  design and 

ana lys i s  of water management systems. 

Plymouth 

Predicted and observed water t a b l e  e leva t ions  from the T i d e m t e r  

Experiment S t a t ion  near Plymouth a r e  given in  Figures 10-8 th-::gi. 12-12. The 

agreement between predic ted  and observed r e s u l t s  i s  very good with s t a r -  

dard e r r o r s  of es t imate  ( s  va lues)  ranging from 8.6 cm (1977) t o  9 .8 c- 

(1975). The agreement i s  p a r t i c u l a r l y  good during periods when :he water 

level  in  t he  drainage d i t c h  i s  ra i sed  by cont ro l led  drainage o r  s u b i r r i -  

ga t ion .  This i s  due t o  the  high conduct iv i ty  of the p r o f i l e ,  e spec i a l ly  

t he  sandy l aye r  below a depth of approximately 1.1 m,  which permits the  

water t a b l e  t o  respond quickly t o  changes i n  t he  observed d i t c h  water 

l e v e l .  The  n e t  e f f e c t  i s  t h a t  t he  high K values makes the  water t ab l e  

m r e  s e n s i t i v e  t o  d i t c h  water e leva t ion  than t c  some of t h e  o ther  i nps t  para- 

meters such a s  those used in  pred ic t ing  i n f i l t r a t i o n ,  upward water rove- 

ment and ET. Controlled drainage was used during most of 1974, the f i r s :  

60 days of 1975, and f o r  a two month period from Dec., 1976 to  Jan . ,  157;. 

S u h i r r i ~ a t i o n  was a l s o  used f o r  s h o r t  per iods in  1973 and 1075 by :u-s'nc 

water i n t o  the drainage o u t l e t  from a deep well .  Hoecever, f o r  mcs: o= 

1973, 1975, 1976 and 1977, the system was operated a s  a conventional 

drainage sys ten  and s t i l l  gave exce l l en t  agreenent between measgrec and 

predicted r e s u l t s .  

Aurora 

Nater t a b l e  e l eva t ions  are p lo t t ed  f o r  the  7.5 m d ra in  spacin; a t  
Aurora in  Figures 12-13 (1973) tkrough 1C-17 (197'7'. Resu!tr a r e  p l ~ t + ~ " f l r  

the same years  f o r  the  15  m spacing i n  Figures 10-18 t h u g c  10-22 and for  

t he  30 m spacing i n  Figures ?C-23 t'::-ougn 10-2:. The stat?:ri e - ? @ i ~  of 

es t imate ( s )  a r e  given on each p l o t  and surmarized, along with c?r res -  
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"gut-e 1C-1C. Observed and p r e d i c t e d  wa te r  t a b i e  e l e v a t i o n s  midway between dra.ns s?z-,i 
85 m a p a r t  on t h e  Plymouth s i t e  d u r i n g  1975.  L) 
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Fi?c;-e l:-l;. Observed and predicted water t a b l e  e leva t ions  midway between 
dra ins  spaced 93 m a s a r t  on the  Plymouth s i t e  during 1977. 

ponding values from the  Pljmouth and Laurinburg t e s t s ,  in TabielC-3.  

The Aurora system was operated in  the  drainage node during -0s: o f  

the  f i v e  year per iod.  Sub i r r iga t ion  was used f o r  r e l a t i v e l y  shor t  p e r i s i s  

in  1973. 1974 and 1975 a s  indicated by the  o u t l e t  d i t c h  water level eleva- 

t i o n s  included i n  p lo t s  f o r  t h e  30 m spacing (Figures  12-23 +hro;gh 1 - 2 )  Or 

of the  weaknesses of the  nodei i s  demonstrated by the  sub i r r iga t ion  event 

s t a r t i n g  on Ju l i an  day 150, 1975 (Figure 13-25).DRA:YF;OD predic t s  an 33-  

ward water t ab l e  response a t  the  midpoint between the  d r s in s  immedia:?ly 

a f t e r  the water leve l  in  t he  o u t l e t  d i t c h  i s  r a i s ed .  Hov:ever, i t  has 

been previously demonstrated (Skaggs, 1973) by theory a s  well as  by laSara- 

t o ry  and f i e l d  experiments,  t h a t  t he re  nay be a considerable  t i n e  l a c  

between a r i s e  in the  d i t ch  !water ieve l  and a water t a b l e  response - i d : d : ~  
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F i x - C -  10-17. Observed and predicted water t ab l e  e leva t ions  midway between drains  
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Figure 19-18. Observed and predicted water t a b l e  e leva t ions  midway between 5 r . i ~ ~  

spaced 15 m a p a r t  on the  Aurora s i t e  during 1973. 
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spaced 1 5  m a p a r t  on t h e  Aurora s i t e  d u r i n g  1976. 

AURORA-8 
d 

L i l 5 m  
YERP 1977 CRLCULQTED 

OBSERVED ......................... 

0 4 5 90 135 180 225 270 3 15 369 
J U L I Q N  DQTE 

d 
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spaced 30 n a p a r t  on t h e  Aurora  s i t e ,  1973. 

01 
I 

- 
0 45 9% 135 18% 225 27% 3 15 360 

lL I RN DRTE 
F i g u r e  10-24. Observed and p r e d i c t e d  wa te r  t a b l e  e l e v a t i o n s  midway bei:iee~ d r a i r s  

soaced 30 m a p a r t  on t h e  Aurora s i t e ,  1974. 



F i g w e  :3-?E. Observed and p r e d i c t e d  water  t a b l e  e l e v a t i o n s  midway ketween ??a  ins  
spaced 30 n a p a r t  oq t h e  Aurora s i t e ,  1976. 

F i y u r r  1b-25. Observed and p r e d i c t e d  water  t a b l e  e l e v a t i o n s  midway between d r a i n s  
spaced 30 m a p a r t  on t h e  Aurora s i t e ,  1975. 
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OBSERVED 

S = 18.2 cm 

- 
0 4 5 90 135 . 180 225 270 315 360 

J U L I A N  DFlTE 
b F i p r e  1C-23. Observed and p r e d i c t e d  water  t a b l e  e l e v a t i o n s  midway between d r a i n s  

spaced 30 n a p a r t  on t h e  Aurora s i t e ,  1973. 
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IL I AN DOTE 
F i g u r e  10-25. Observed and p r e d i c t e d  water  t a b l e  e l e v a t i o n s  midway be2:iecn d r a i n s  

spaced 30 m a p a r t  on t h e  Aurora s i t e ,  1974. 
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F i y u r ~  16-25. Observed and o r e d i c t e d  water t a b l e  e l e v a t i o n s  midwav between d r a i n s  
spaced 30 m a p a r t  on t h e  Aurora s i t e ,  1975. 
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F ig t i re  19-26. Observed and p r e d i c t e d  water  t a b l e  e l e v a t i o n s  v i w a y  Setwee- --?lq! 

spaced 30 m a p a r t  07 t h e  Aurora s i t e ,  1976. 
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F i g u r e  i0 -?7 .  Observed and p r e d i c t e d  w a t e r  t a b l e  e l e v a t i o n s  midway between d r a j n s  
spaced 30 m a p a r t  on t h e  Aurora  s i t e ,  1977. 

T a b l e  l i - 8 .  A summary of s t a n d a r d  e r r o r s  o f  e s t i m a t e  (CF) and average 
d e v i a t i o n s  (cm) f o r  compar ison  o f  observed w a t e r  t a b l e  eled?:- 
t i o n s  w i t h  p r e d i c t i o n s  by  DRAIYYOD. 

Year 
S i t e  1973 1974 1975 1976 1 9 i 7  

s a.d. s a.d. s a.d. s a.d. s e.d. 
A l l  u n i t s  i n  cm 

Auro ra  
L = 7 . 5 m  14.2 1 1 . 8  11.2 9.0 11.3 8.2 16 .1  12 .1  7 .5  5.7 
L = 15  m 15.0 13.4 19.6 16.1 16.4 13.2 17.4 13 .2  ? .a  7.1 
L =  3 0 m  18.2  13.3 18.3 14.4 16.7 12.1 15.2 10.9 13.4 13.3 

Plymouth 10 .4  7.7 9.6 6.3 9.8 7 . 6  8.7 6.3 8.6 6 . 7  

L a u r i n b u r g  - 15.9 l l . E  



between d r a i n s .  T h i s  i s  p a r t i c d l a r l y  t r u e  when s u b i r r i g a t i o n  i s  

i n i t i a t e d  d u r i n g  d r y  s o i l  c o n d i t i o n s .  T h i s  i s  c o n s i s t e n t  w i t h  t t e  r e s - l t s  

g i v e n  ic  Fi:::-e: 12-25 f o r  t h e  30 m r p a c i n g  and F i g u r e  10-26 f o r  :he l Z  

rn spacing.  I n  b o t h  cases t h e  observed m i d p o i n t  w a t e r  t a b l e  cont inued +3 

recede, m o s t l y  due t o  ET, a f t e r  t h e  d i t c h  wa te r  l e v e l  was r a i s e d  and d i c  

n o t  r e v e r s e  i t s  downward t r e n d  u n t i l  n e a r l y  30 days l a t e r  when r a i n f a l l  

occur red.  T h i s  was n o t  t h e  case f o r  t h e  7.5 m  spac ing which respon6e.i 

q u i c k l y  t o  t h e  r b i s e d  wa te r  t a b l e  as p r e d i c t e d  by t h e  model ( F i g s r e  19-75:. 

The model p r e d i c t s  an imned ia te  response t o  s u b i r r i g a t i o n  bec?;se 

f l u x  i s  c a l c u l a t e d  w i t h  t h e  Hooghoudt equa t ion  i n  terms o f  t h e  m t e r  

t a b l e  e l e v a t i o n  a t  t h e  m i d p o i n t  and t h e  water  l e v e l  i n  t h e  d r a i n .  Ro 

a l lowance i s  made f o r  t h e  t i m e  l a g  r e q u i r e d  t o  change f rom a  d ra inage  

p r o f i l e  t o  a  s u b i r r i g a t i o n  p r o f i l e  wh ich may be severa l  days f o r  1ar:t 

d r a i n  spacings.  E v e r y t h i n g  e l s e  be ing  equal, t h e  t i m e  l a g  i s  propcr: ionai 

t o  t h e  square o f  t h e  d r a i n  spac ing.  It should  be emphasized t h a t  tbe  

prob lem w i t h  t h e  model i n  t h i s  r e s p e c t  occurs  d u r i n g  t h e  t r a n s i t i o n  p e r i c l  'd 
f rom d ra inage  t o  s u b i r r i g a t i o n  o r  v i c e  versa. Once t h e  sub i r r iga : io r ,  

p r o f i l e  i s  e s t a b l i s h e d ,  ERA!?POD w i l l  do a  good j o b  i n  c h a r a c t e r i z ' n ~  t h e  

wa te r  t a b l e  response (see f o r  example t h e  r e s u l t s  f o r  P lymou t i ,  197L - 
Figure1;-:). E r r o r s  d u r i n g  t h e  t r a n s i t i o n  p e r i o d s  may a l s o  be ne;lig:bie 

i f  t h e  d r a i n  spac ing  i s  smal l  o r  i f  h y d r a u l i c  c o n d u c t i v i t y  i s  h i g t .  

P r e d i c t e d  and observed r e s u l t s  a r e  i n  good agreement f o r  e l l  I l r e e  

spacings on t h e  Aurora  s i t e  w i t h  a  maximum s  v a l u e  o f  19.5 cm f o r  tk 2.5 

m spac ing d u r i n g  1.974 and a  minimum s  v a l u e  o f  9.4 cm f o r  t h e  15 n soaci?; 

i n  1977. The p r e d i c t e d  wa te r  t a b l e  drawdown r a t e  was u s u a l l y  h i s h e r  the- 

t h e  observed and t h e  p r e d i c t e d  wa te r  t a b l e  e l e v a t i o n s  tended t o  be sc-e- 
. *  .- 

what l o w e r  than measured f o r  b o t h  t h e  7.5 and 15 m spacings (F igu res  I ~ - ! ,  

th rough TO-;?).This c o u l d  have been caused by  a  K v a l u e  which was t c o  hi;? 

o r  an erroneous r e l a t i o n s h i p  f o r  t h e  d ra inage  volume versus water  t a b l e  

depth.  However t h e  va lues  s e l e c t e d  were based on a c t u a l  h y d r a g l i c  c o r . 5 ~ -  

t i v i t y  measurements and t h e  same K v a l u e s  were used f o r  t h e  30 m spacin: 

wh ich  had about  t h e  same p r e d i c t e d  drawdown r a t e  as measured. Ress l t :  

o f  h y d r a u l i c  c o n d u c t i v i t y  t e s t s  i n d i c a t e d  t h a t  t h e  e f f e c t i v e  K o f  tne  



p r o f i l e  should be smaller  f o r  t he  7.5 and 15 m spacings than f o r  t he  30 

m spacing (Table 10-3). These d i f f e r e n c e s  were thought t o  be due t o  a 

t h i c k e r  sandy l a y e r  f o r  t he  30 m p r o f i l e .  The r e s u l t s  given in  10-1: 
through 10-27 i n d i c a t e  t h a t  t h e  conduct iv i ty  of  t he  individual  l a y e r s  

f o r  t he  7.5 and 15  m spacings may be smal le r  than t h a t  f o r  the 30 m 
spacing. I f  f a c t ,  t r i a l  runs showed t h a t  agreement between predicted 

and observed r e s u l t s  can be improved cons iderably  by using a lower K 

value f o r  t h e  7.5 and 15 m spacings.  However, such values were not 
obtained from hydraul ic  conduct iv i ty  measurements so t h e i r  use would n o t  

provide a f a i r  t e s t  of the v a l i d i t y  of  t he  model a s  discussed e z r l i e r  i n  

t h i s  s e c t i o n .  !n any event ,  the agreement between observed and predic ted  

r e s u l t s  f o r  a l l  spacings (Figures  16-13 10-27) i s  c o n s i c e r ~ ;  e x c e i l e y t  f a r  

f i e l d  cond i t i ons .  

Laurinctlrq 

Observed and predic ted  water  t a b l e  e l eva t ions  a r e  p lo t t ed  in  Figure 10- 

28 f o r  t h e  Laurini urg s i t e  during 1976. This  was a very dry  year  a t  
L/ Laur~nburg  and the water  t a b l e  d id  not reach the  sur face  a t  any time 

during t h e  yea r .  T h e  t o t a l  recorded r a i n f a l l  on the  experimental s i t e  

was only 780 m versus a normal annual r a i n f a l l  of about 1200 mm f o r  

t h i s  a r ea .  The agreement between observed and predic ted  water t a b l e  

depths was good w i t h  a s tandard e r r o r  of e s t ima te  of 13.9 cx f o r  tne 

yea r .  Although s u b i r r i g a t i o n  was poss ib l e  on t h e  s i t e ,  i t  was not used 

during 1975. The d ra in  depth was 1.07 m so the  water t a b l e  was a c t g a l l y  

below the  d ra in  f o r  a l a r g e  p a r t  of the  yea r .  Cotton, whicn has a r e l a -  

t i v e l y  dee? roo t  system, was grown on the s i t e  and the  water t a b l e  was 

f r equen t ly  lowered below the dra in  e l eva t ion  by ET. The r a t e  t h a t  :be 

water  t a b l e  was drawn down by ET was more rap id  than observed f o r  the  

e a r l y  par: of the yea r ,  c 'ulian days 45 to  100, but was i n  good agreevent  

w i t h  observa t ions  during t h e  peak and l a t t e r  p a r t  of the season, days 

180 t o  300. T r i a l s  w i t h  a range of values of hydraul ic  conduct iv i ty  

showed t h a t ,  a s  was the  case  with the  Aurora d a t a ,  agreement could be 

improved by reducing K .  However the r e s u l t s  given in  Figure 10-23 w z i c -  

L were obtained r i t h  indeoendently measured K va lues ,  a r e  considered 



excellent for f i e ld  conditions. 

I LAURI  tlCURG 

L = 4 8 m  
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J U L I R N  D R T E  
F i g ~ r e  10-22. Observed and predicted water :able el evatiors r,'<;:e:: be: ... ee-. : re<!  

spaced 42 in apzr: on the L a u r i ~ k u r ?  s i t e  ciirir,i; ??;;. 



Experimental  d a t a  were ob ta ined  from long-term f i e l d  d ra inage  e q e r i r e n t s  

a t  t h e  North C e n t r a l  Branch, Ohio A g r i c u l t u r a l  Research and Development Center 

nea r  Sandusky, Ohio (Schwab e t  a l . ,  1963, 1975).  The exper iments  included re- 

p l i c a t e d  p l o t s  f o r  s u b s u r f a c e  ( t i l e )  d r a i n a g e ,  s u r f a c e  d r a i n a g e ,  and conbinat ion 

s u r f a c e  p l u s  subsur face  d ra inage .  There fo re  t h e s e  d a t a  can b e  used t o  t e s t  

DiL1I:NOD f o r  t h r e e  d i f f e r e n t  d r a i n a g e  sys tem des igns .  I n p u t s  f o r  DR4IPlOD were 

obta ined from s o i l  p r o p e r t y  d a t a  and c l i m a t o l o g i c a l  r e c o r d s  and t h e  p e r f o r z n c e  

of  che d r a i n a g e  sys tems was s imula ted  f o r  a  t o t a l  of  e i g h t  y e a r s .  Com?arlsons 

b e t m e n  measured and p r e d i c t e d  s u r f a c e  and s u b s u r f a c e  d ra inage  volunes were 

xade and used a s  a  b a s i s  f o r  judging t h e  v a l i d i t y  of D?AIX!OD f o r  ::orth Cent r - l  

Ohio c o n d i t i o n s .  R e s u l t s  of t h i s  i n v e s t i g a t i o n  were r e p o r t e d  i n  a  paper by 

Skaggs, Fausey and Xol te  (1979) and a r e  g iven i n  t h i s  s e c t i o n .  

Experiments 

E x a e r i ~ e n t a l  Site 

This  f i e l d  experiment was i n s t a l l e d  a t  t h e  North C e n t r a l  Branch, Ohio 

A g r i c u l t u r a l  Research and Development Center  n e a r  Sandusky, Ohio i n  1958. 

The f i e 1 6  i n s t a l l a t i o n  c o n s i s t e d  of p l o t s  having t i l e  o n l y ,  s u r f a c e  o n l y ,  a ~ d  

a  combination of t i l e  and s u r f a c e  d r a i n a g e .  There were f o u r  r e p l i c a t i o n s .  

Each p l o t  was 37 by 6 1  m (0.55 a c r e s )  and was surrounded wi th  an e a r t h  d ike  so 

t h a t  s u r f a c e  wa te r  could no t  e n t e r  o r  l e a v e  t h e  p l o t s  excep t  through t h e  flow 

measuring dev ice .  The t i l e d  p l o t s  con ta ined  t h r e e  100 m diamete r  concre te  

t i l e  l i n e s  w i t h  a  spac ing  of 1 2  m and dep th  of about  1 m. T i l e  flow was . e a s i l r s l  

from t h e  c e n t e r  l i n e  only .  The t i l e - o n l y  p l o t  had a  l e v e l  s u r f a c e ,  whi le  t5e 

surface-dra ined and combination-drained p l o t s  were graded t o  a  s l o p e  of about 



0.35 pe rcen t  a long  t h e  s h o r t  dimension of t h e  p l o t .  The s u r f a c e  water  was 

c o l l e c t e d  i n  a s u r f a c e  d r a i n  and c a r r i e d  t o  t h e  measuring s t a t i o n .  

S o i l s  

The predominant s o i l  type  a t  t h e  exper imenta l  s i t e  i s  Toledo s i l t y  c l a y ,  

a Mol l i c  Haplaquept,  f i n e .  The remaining 20 p e r c e n t  is  c l a s s i f i e d  a s  Ful ton 

s i l t y  c l a y ,  which occurs  a t  e l e v a t i o n s  1 5  t o  20 c m  h i g h e r  t h a n  t h e  Toledo. 

These s o i l s  a r e  t y p i c a l  of t h e  f i n e - t e x t u r e d  s o i l s  t h a t  occur i n  t h e  l a k e  

r e g i o n  of :Jorth C e n t r a l  United S t a t e s .  They a r e  on f l a t  o r  n e a r l y  l e v e l  

topography, a r e  h i g h  i n  c l a y ,  r e q u i r e  d ra inage ,  and a r e  d i f f i c u l t  t o  nacage.  

The h y d r a u l i c  c o n d u c t i v i t y  dec reases  r a p i d l y  w i t h  depth  as does t h e  60-cl  

p o r o s i t y .  

The Toledo s o i l  c o n t a i n s  45 t o  50 p e r c e n t  c l a y  i n  t h e  plow l a y e r .  The 

c l a y  c o n t e n t s  approach 60 p e r c e n t  c l a y  i n  t h e  lower B hor izon  a t  about 50  t o  

75 cm dep ths .  T h i s  s o i l  i s  c l a s s i f i e d  a s  be ing  "very s lowly permeable". I t s  

h y d r a u l i c  c o n d u c t i v i t y  i s  g r e a t l y  i n f l u e n c e d  by t h e  l a r g e  number of c racks  

t h a t  form upon d ry ing  and t h e  r a t e  a t  which they  a r e  c losed  by subsequent x;et- 

t i n g .  Root channels  a l s o  appear t o  g r e a t l y  i n f l u e n c e  :he c o n d u c t i v i t y .  T;M 

Ful ton s o i l  has  a s l i g h t l y  h i g h e r  c l a y  bulge  than  t h e  Toledo, t h e  former h a v k ~  

c l a y  c o n t e n t s  of 62 p e r c e n t  i n  t h e  lower B hor izon .  It i s  c l a s s i f i e d  a s  5 e 5 g  

l e s s  permeable t h a n  t h e  Toledo,  p a r t i c u l a r l y  i n  t h e  upper E h o r i z o n .  A s  wit:? 

t h e  Toledo,  c rack ing  and r o o t  channels  a l s o  g r e a t l y  i n f l u e n c e  i t s  h y d r a u l i c  

c o n d u c t i v i t y .  

Experimental  Procedure  

T i l e  and s u r f a c e  f low d a t a  were recorded cont inuously  f o r  t h e  growing 

season (!{arch 1 t o  September 30) each y e a r .  Excess water  was a p p l i e d  t v i c e  



each yea r  i n  b y ,  June, o r  July  t o  p rov ide  a  r e p e a t a b l e  10-year r e t u r n  period 

s torm.  Drain f low d a t a  f o r  t h e  e i g h t  y e a r s  (1962-64 and 1967-71) were used 

i n  t h i s  a n a l y s i s  because t h e  same crop (corn)  was grown dur ing  t h e s e  yea r s .  

Model Inpu t  Data - 
Cl imato log ica l  Data 

Hourly p r e c i p i t a t i o n  d a t a  were recorded on t h e  s i t e  dur ing t h e  months 

of March - September. Dai ly  p r e c i p i t a t i o n  d a t a  f o r  t h e  remaining months were 

ob ta ined  from t h e  nearby N a t i o n a l  Heather  S e r v i c e  S t a t i o n  a t  Sandusky, Ohio. 

The l a c k  of hour ly  d a t a  f o r  t h e s e  months was n o t  c r i t i c a l  because t e s t s  of t h e  

model were based on comparisons f o r  A p r i l  through September only .  Da i ly  maxi- 

mum and minimum a i r  t e n p e r a t u r e s  used t o  e s t i m a t e  p o t e n t i a l  ET by t h e  Thornthwaite 

method were ob ta ined  from t h e  same s t a t i o n .  

S o i l  P r o p e r t i e s  

Some of t h e  p h y s i c a l  and h y d r a u l i c  s o i l  p r o p e r t i e s  needed i n  t h e  model a r e  

a v a i l a b l e  from prev ious  p u b l i c a t i o n s  by Schwab e t  a l . ,  1963, Taylor e t  a l . ,  

1961. Other i n p u t s  such a s  i n f i l t r a t i o n  equa t ion  c o e f f i c i e n t s  and upward f l u x  

r e l a t i o n s h i p s  were es t ima ted  from a v a i l a b l e  unpublished d a t a .  

S o i l  water  c h a r a c t e r i s t i c s .  Data were compiled by Fausey (1975) and a r e  ? l o r r e d  -- 
i n  F i g u r e  10-29. The curve ob ta ined  f o r  t h e  5-15 cm depth  increment was use* 

f o r  dep ths  l e s s  than  30 cm and t h a t  ob ta ined  f o r  50-75 cm depth  f o r  p r o f i l e  

depths  g r e a t e r  than 30 cm. These d a t a  were used t o  c a l c u l a t e  t h e  e q u i l i b r i u n  

r e l a t i o n s h i p  between d ra ined  volume and wa te r  t a b l e  depth  (Figure  10-30) c h i c 5  

is  a l s o  a  model i n p u t .  

Hydraul ic  c o n d u c t i v i t v .  The e f f e c t i v e  s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y  (E) ;.a 

determined f o r  t h e  exper imenta l  s i t e  from d r a i n  outf low and water  t a b l e  drx<- 



PRESSURE HEAD, h (CMI  

F i g u r e  10-29. S o i l  w t e r  c h a r a c t e r i s t i c s  f o r  t ~ o  d e p t h s  of t h e  Toledo s a i l  
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WATER TABLE DEPTH (MI  
F i g u r e  10-30. Dra inage  volume a s  a f u n c t i o n  of w a t e r  t a b l e  depth  a s  

c a l c u l a t e d  from t h e  s o i l  w a t e r  c h a r a c t e r i s t i c .  



L down d a t a  by Hoffman and Schwab (1964). They a l s o  d e t e r n i n e d  K by t h e  auger 

ho le  method and from s o i l  co res .  T h e i r  r e s u l t s  showed t h a t  t h e  e f f e c t i v e  con- 

d u c t i v i t y  of t h e  p r o f i l e  decreased r a p i d l y  w i t h  depth .  The va lues  used in 

t e s t i n g  t h e  model were taken from F i g u r e  10-32 i n  Hoffman's and Schwab's ( l 9 S i j  

paper and a r e  g iven i n  Table  10-9. 

Table 10-9. E f f e c t i v e  s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y  of t h e  s o i l  p r o f i l e  a s  
a  f u n c t i o n  of w a t e r  t a b l e  depth  (From Iioffman an? Schwah. 136-, 
F i g u r e  10-32). 

Water Table Depth K ( c n l h )  of P r o f i l e  

L 
L?ward f l u x .  The r e l a t i o n s h i p  jetween s t e a d y  s t a t e  upward f l u x  and wa te r  t a 5 l e  

- - 
dep th  i s  a  n o t e l  i n p u t .  Th i s  r e l a t i o n s h i ?  was es t ima ted  by s o l v i n g  E q .  3 - 2  

using e x p l i c i t  f i n i t e  d i f f e r e n c e  methods a s  d i scussed  i n  Chapter 5.  The s c l :  

water  c h a r a c t e r i s t i c  d a t a  (F igure  10-29) were used i n  t h e  procedure  of 

? l i l l i n g t o n  and Q u i r k  (1960) ( a s  d e s c r i b e d  i n  Chapter 5 )  t o  determine the  un- 

s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y  f u n c t i o n ,  X(h).  The c o n d u c t i v i t y  f u n c t i o n  

was matched a t  s a t u r a t i o n  t o  t h e  s a t u r a t e d  c o n d u c t i v i t y  of t h e  s u b s o i l  which 

was es t ima ted  from s o i l  c o r e  d a t a  of  Hoffman and Schwab (1964, F igure  10-31) 

t o  be 0 .2  cmlhr. R e s u l t s  a r e  p l o t t e d  i n  F igure  10-31. 

I n f i l t r a t i o n  pa ranecers .  Parameters  f o r  t h e  G r e e n - h p t  i n f i l t r a t i o n  e c u a i i c ?  

were determined by methods proposed by :lein and Larson (1073) and Brakensit"-  
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L (1977) a s  d iscussed i n  Chapter 5. Values f o r  A and B a r e  g iven a s  a  func t ion  

of w a t e r  t a b l e  depth  i n  Table  10-10. The A and 3 v a l u e s  were d e t e m i n e d  f r o n  

p r o p e r t i e s  of t h e  s u b s o i l  f o r  i n i t i a l  wa te r  t a b l e  dep ths  l e s s  than  100 cm. 

Deeper i n i t i a l  wa te r  t a b l e s  a r e  u s u a l l y  acconpanied by a  dry zone a t  t h e  sur- 

f a c e  s o  t h e  p r o p e r t i e s  of t h e  s u r f a c e  l a y e r  were used t o  o b t a i n  A and 3 f o r  

wa te r  t a b l e  depths  g r e a t e r  than 200 cm. 

Table  10-10. Farameters f o r  t h e  G r e e n - h p t  equa t ion  f o r  v a r i o u s  wa te r  t a b l e  
depths  a t  t h e  s t a r t  of  r a i n f a l l .  

R a t e r  Table  Depth (cm) A = K ?I S (cm2/h) 
s av  

a = K (cmlh) 
s 

Crop Data  

E f f e c t i v e  r o o t  depth  a s  a  f u n c t i o n  of t i n e  i s  a  r e q u i r e d  i n p u t  f o r  t h e  

model. The e f f e c t i v e  r o o t  depth  f o r  corn  was es t ima ted  f r o n  t h e  d a t a  of 

Yengal and Barber (1974) and Fo th  (1962) a s  d i scussed  i n  Chapter 2 .  The 

maximum e f f e c t i v e  r o o t  depth  was t aken  a s  30 cm. It was assrmed t h a t  :cater 

~ l m u r .  could be rer.oved f r o n  t h e  top 3  cm of s o i l  by evapora t ion  s o  t h e  n i t .  

e f f e c t i v e  r o o t  dep th  v a s  taken a s  3 cn.  

Drainage System Parameters  

Input  d a t a  d e s c r i b i n g  t h e  d ra inage  system a r e  summarized i n  Table  10-11. 

These d a t a  a r e  used i n  combination w i t h  s o i l  p r o p e r t y  d a t a  t o  compute drainag* 

f l u x ,  s u r f a c e  r u n o f i ,  e t c .  i n  t h e  computer s i m u l a t i o n  p rocess .  



Table 10-11. Sunmary of i n p u t  pa ramete r s  f o r  t h e  exper imenta l  dra inage syste-.. 

Parameters Subsurface Surface  Combination 
Drainage Drainage Surface  afid 
Alone Alone Subsurface 

Drainage 

Drain Spacing 1220 cm - 1220 cn 
Drain Depth 90 cm - 90 cm 
Equivalent  Depth from Drain  * * 

t o  Impermeable Layer 75 cm - 75 CE 

Equivalent  P r o f i l e  Depth 165 cm 180 cm 165 :rr 
Depth of Sur face  Storage 1 5  cm 0.25 cm 0.25 cr: 
Surface  Slope 0.0% 0.35% 0.352 
Drain 3 iamete r  1 0  cm - 10 c- 

Eva lua t ion  Procedure  

Sur face  runoff  and d r a i n  f low d a t a  were recorded f o r  t h e  pe r iod  :larch 1 t c  

September 30 each y e a r .  However t h e  Xarch d a t a  were i n c o n s i s t e n t  due t o  star:- 'd 
up pro3lems dur ing  some y e a r s ,  s o  t h e  e v a l u a t i o n s  a r e  based on t h e  pe r iod  

A p r i l  1 t o  September 30. P r e c i p i t a t i o n  d a t a  were a v a i l a b l e  f o r  a l l  mont5s a:.: 

p r e l i z i n a r y  s i n u l a t i o n s  were conducted f o r  January 1 t o  !aarch 31 t o  p r e 6 i z t  

i n i t i a l  c o n d i t i o n s  f o r  t h e  t e s t s  beginning A p r i l  1. Simulat ions  were co3ducte t  

f o r  a l l  f o u r  r e ? l i c a t i o n s  on t h r e e  d r a i n a g e  t r e a t m e n t s  ( s u r f a c e ,  subsur face  a?- 

c o z b i n a t i o n )  f o r  each of  t h e  e i g h t  y e a r s .  P r e d i c t e d  and measured t i l e  f l o x  a n i  

su:face :u?cff v c l u v e s  were com?zreC t o  evaluate t:l% zcccrzcy of DRAEZOD f o r  ti? 

given c o n d i t i o n s .  Comparisons were made on t h e  b a s i s  of b o t h  d a i l y  and ~ , ~ u l 2 -  

t i v e  runoff  volumes. Eowever, e i t h e r  t i l e  f low o r  s u r f a c e  runoff  occurs  or. on:? 

* 
This  e q u i v a l e n t  depth  was used by Hoffman and Schwab (1964) t o  o b t a i n  the  i; 
v a l u e s  i n  Table  10-9 s o  i t  i s  a l s o  used i n  t h e  s imula t ion .  



a  few days dur ing  t h e  growing season  s o  comparisons f o r  d a i l y  f low volumes 

invo lve  numerous ze ro  v a l u e s  f o r  b o t h  p r e d i c t e d  and observed.  Th i s  i s  no t  ?he 

case  w i t h  cumulative volumes and t h e  e v a l u a t i o n s  a r e  mainly based on t h e s e  

va lues .  

The agreement between p r e d i c t e d  and measured cumulative f low volumes ,was 

q u a n t i f i e d  by c o q u t i n g  t h e  average d e v i a t i o n  over  t h e  season a s ,  

where Y .  i s  t h e  p r e d i c t e d  cumulat ive  d ra inage  o r  runof f  volume and Y .  i s  t h e  
1 1 

observed va lue  on day i; n = 183,  t h e  number of  days from A p r i l  1 t o  S e ~ t e 9 5 e r  

- . A problem w i t h  comparing cumulat ive  f low volumes i n  e v a l u a t i n g  t h e  model 

i s  t h a t  t h e  e f f e c t  of an  e r r o r  e a r l y  i n  t h e  season  may be c a r r i e d  over  t h e  

e n t i r e  d u r a t i o n .  For example, i f  p r e d i c t e d  d r a i n  f low i s  2 cm too high on t h e  

f i l s [  day of t h e  t e s t  b u t  p r e d i c t e d  and measured v a l u e s  on succeeding days a r e  

e x a c t l y  e q u a l ,  t h e  average d e v i a t i o n  would b e  a  r e l a t i v e l y  h igh  v a l u e  of 2 cz. 

R e s u l t s  Discuss ion  

?leans of t h e  average d e v i a t i o n s  f o r  cumulat ive  f low volunes  f o r  a l l  f o u r  

r e p l i c a t i o n s  a r e  g iven i n  Table  10-12. Values a r e  t a b u l a t e d  f o r  each y e a r  f o r  

s u r f a c e  d ra inage  p l o t s ,  s u b s u r f a c e  d ra inage  p l o t s ,  s u r f a c e  d ra inage  from t 3 e  

combination p l o t s  and s u b s u r f a c e  d ra inage  from t h e  combination p l o t s .  hgree- 

ment between measured and p r e d i c t e d  o u t f l o v  volumes was good f o r  a l l  t r e a t n e p t s  

wi:h v a l u e s  ranging from a  low of 0.92 cm t o  a maximum of 4 . 3  cm. These 

r e s u l t s  seem p a r t i c u l a r l y  good when f i e l d  v a r i a b i l i t y  and t h e  approximate n a t u r e  

of many of t h e  model i n p u t s  a r e  cons ide red .  



Yi-.a r SUI f a c e  Dratnagr Sul)si~r 1.1ce 1)roindge SIL: f a c e  Runoff Sul.;ur f.r< 2 Drainage 
n . d .  pcrccnt  111 i 1 . d .  percent  o f  a , d .  percent  or a . d .  percent  o f  * 

t o t a l  ~ o l n t *  t o t a l *  L U L ~ I  * 



It i s  d i f f i c u l t  t o  judge t h e  agreement of p r e d i c t e d  and observed r e s u l t s  

from a  s i n g l e  s t a t i s t i c  such a s  t h e  average d e v i a t i o n .  P l o t s  r e p r e s e n t i n g  

t h e  b e s t  and wors t  f i t s  of t h e  model f o r  each t r ea tment  a r e  given and d i scussed  

i n  t h e  fo l lowing  s e c t i o n s .  The r e a d e r  should  n o t e  t h a t ,  t h e  model has not been 

f i t t e d  o r  matched t o  t h e  observed d a t a  f o r  t h e  same reasons  t h a t  i t  was not  

f i t t e d  t o  t h e  N.C.  d a t a  d i scussed  on page 10-21. The p r a c t i c a l  use  of t h e  

model depends no t  only  on i t s  a b i l i t y  t o  r e l i a b l y  p r e d i c t  t h e  water  t a b l e  posi -  

t i o n ,  d ra inage  r a t e s ,  e t c . ,  b u t  a l s o  on t h e  premise t h a t  t h e  r e q u i r e d  i n p u t s  can 

be ob ta ined  from s o i l  p r o p e r t y  measurements, s i t e  c h a r a c t e r i s t i c s  and d ra inage  

system parameters .  That i s ,  i t  i s  n o t  a n t i c i p a t e d  t h a t  t h e  model r e q u i r e s  

" c a l i b r a t i o n "  f o r  a  g iven  s i t e  and d ra inage  s i t u a t i o n ,  a  requirement t h a t  would 

s e v e r e l y  l i m i t  i t s  u s e f u l n e s s  f o r  d ra inage  system des ign  and e v a l u a t i o n .  I n  

L 
t h i s  s tudy ,  t h e  i n p u t  parameters  were d e t e r n i n e d  independent ly ,  a s  d iscussed 

i n  p rev ious  s e c t i o n s ,  and t h e  r e s u l t s  ob ta ined  should  be i n d i c a t i v e  of t h e  

model's r e l i a b i l i t y  f o r  f i e l d  c o n d i t i o n s  i n  r o r t h  C e n t r a l  Ohio. 

Surface  Drainage 

Observed and c a l c u l a t e d  runoff  voluroes f r o n  p l o t s  w i t h  s u r f a c e  d ra inage  

a lone  a r e  p l o t t e d  i n  F igure  10-32 f o r  1971. Based on t h e  magnitude of the  

a .d . ,  t h e s e  p l o t s  r e p r e s e n t  t h e  b e s t  f i t  of t h e  model t o  observed r e s u l t s  

wi th  a.d.  = 0.92 cm. The model p r e d i c t e d  about  t h e  r i g h t  amount of runoff  

f o r  a l l  r a i n f a l l  and i r r i g a t i o n  e v e n t s  except  f o r  day '230 when s u r f a c e  r u n o i i  

was p r e d i c t e d  bu t  none measured. Closer  i n s p e c t i o n  of t h e  r e s u l t s  showed 

t h a t  t h e  p r e d i c t e d  wa te r  t a b l e  r o s e  t o  t h e  s u r f a c e  dur ing  t h i s  even t  f o l l o v e d  

by runoff  of about  1 . 5  cm. The e r r o r  may have been caused by u n d e r e s t i ~ a t i n g  

ET f o r  t h e  pe r iod  p r i o r  t o  day 230. Low e s t i m a t e s  of ET would have reduced 

L 
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L l  t h e  u n s a t u r a t e d  s t o r a g e  volume a v a i l a b l e  f o r  i n f i l t r a t i n g  wa te r  and r e s u l t e d  

i n  er roneous  h i g h  p r e d i c t i o n s  of s u r f a c e  r u n o f f .  

The wors t  ag reenen t  f o r  s u r f a c e  d ra inage  p l o t s  was ob ta ined  f o r  1964 

(Figure  10-33). I n  t h i s  c a s e  t h e  mean a .d .  was 3.7 cm which i s  34 p e r c e n t  of 

t h e  t o t a l  measured runoff  (10.8 cn) f o r  t h e  April-September t e s t  pe r iod .  The 

d e v i a t i o n  was mostly due t o  o v e r p r e d i c t i o n  of runoff  dur ing  A p r i l  (days 90 - 
1 2 0 ) .  A p r i l  was a  r e l a t i v e l y  wet month (12.95 cm of r a i n f a l l )  i n  1964 and no 

exp lana t ion  i s  g iven  f o r  t h e  low measured runoff  volumes dur ing  t h a t  pe r iod .  Ir: 

is  noted t h a t  p r e d i c t e d  d a i l y  runoff  volumes were r a t h e r  low and s c a t t e r e l  

throughout t h e  month. Such low runoff  r a t e s  a r e  d i f f i c u l t  t o  measure and Ea:; 

no t  have been a c c u r a t e l y  metered by i n s t r u ~ e n t a t i o n  on t h e  s i t e .  3 e v i a t i o n s  

occur r ing  i n  A p r i l  a r e  c a r r i e d  over  f o r  t h e  r e s t  of t h e  y e a r  even though good 

agreement between ~ r e d i c t e d  and observed d a i l y  runoff  volumes was ob ta ined  

a f t e r  day 120. 

Subsurface Drainage 

Agreement between p r e d i c t e d  and observed r e s u l t s  f o r  t h e  subsur face  d ra in -  

age p l o t s  was e x c e l l e n t .  The b e s t  and wors t  f i t s  of t h e  model a r e  shown i n  

F igures  10-34 and 10-35, r e s p e c t i v e l y .  Although t h e  b e s t  f i t  was a c t u a l l y  

o b t a i a e d  f o r  1962 (a .d .  = 0.94 cm), t h e  r e s u l t s  f o r  1 9 i l  (2.d. = 1.12 c3) a r z  

p l o t t e d  i n  F igure  10-34 r e p r e s e n t i n g  t h e  b e s t  f i t .  ( R e s u l t s  f o r  1962 were no: 

p l o t t e d  because each r e p l i c a t i o n  was i r r i g a t e d  s e p a r a t e l y  r e s u l t i n g  i n  four  

s e p a r a t e  p r e d i c t e d  r e l a t i o n s h i p s . )  R e s u l t s  f o r  1971 a r e  i n  e x c e l l e n t  agree- 

ment f o r  a l l  r e p l i c a t i o n s .  

The wors t  f i t  f o r  s u b s u r f a c e  d r a i n a g e ,  a s  d e t e r n i n e d  from t h e  a . d .  va lues ,  

was ob ta ined  f o r  1969 (F igure  10-35). However, agreement between p r e d i c r e i  
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L/ and observed r e s u l t s  was e x c e l l e n t  f o r  most of t h i s  y e a r  a s  shown i n  F igure  

10-35. R a i n f a l l  was ext remely high f o r  1969 w i t h  o v e r  25 cm o c c u r r i n g  on 

J u l y  4  (day 185) .  The major d e v i a t i o n s  r e s u l t e d  from t h a t  r a i n f a l l  event  

and were c a r r i e d  over  f o r  t h e  r e s t  of t h e  y e a r  (F igure  10-35). Although the  

mean a .d .  was 4.32 cm, i t  r e p r e s e n t s  on ly  6 . 1  p e r c e n t  of t h e  t o t a l  d ra inage  

f o r  1969. 

Combination Surface  & Subsurface  Drainage 

A g r e e ~ e n t  of observed and p r e d i c t e d  r e s u l t s  f o r  t h e  com5ination p l o t s  

was determined by nak ing  comparisons f o r  b o t h  s u r f a c e  and subsur face  d ra in -  

age volumes. The b e s t  f i t  of t h e  model f o r  t h e  s u b s u r f a c e  d ra inage  comsonent 

was ob ta ined  f o r  1'371 and i s  shown i n  F igure  10-36. Corres?onding p l o t s  :or 

s u r f a c e  d r a i n a g e  f o r  t h e  same year  a r e  g iven i n  F i g u r e  10-37. There were 

good agreements i n  bo th  c a s e s  w i t h  a .d .  = 1 . 0  cm f o r  t h e  s u b s u r f a c e  coxpon- 

e n t  and a .d .  = 0.99 cm f o r  t h e  s u r f a c e  components. For t h e  combination p l o t s ,  

t h e  o v e r p r e d i c t i o n  of s u b s u r f a c e  d r a i n a g e  was o f t e n  acconpacied by low pre- 

d i c t i o n s  f o r  t h e  s u r f a c e  d ra inage  and v i c e  v e r s a .  S ince  t h e  a .d .  va lues  a r e  

based on a b s o l u t e  d e v i a t i o n s ,  t h e  sum of t h e  va lues  f o r  s u r f a c e  runoff  a d  

s u b s u r f a c e  d ra inage  has  no s i g n i f i c a n c e  and is  n o t  i n d i c a t i v e  of t h e  accurac:: 

of t h e  model f o r  a  g iven  y e a r .  

The wors t  f i t  f o r  t h e  conb ina t ion  p l o t s  was ob ta ined  f o r  1957. Xesu l t s  

f o r  t h e  subsur face  d ra inage  component a r e  shown i n  F i g u r e  10-38 and those  

f o r  t h e  s u r f a c e  component i n  F i g u r e  10-39. R e p l i c a t i o n s  1 an6 2 were i r r i g a t e d  

a t  a  d i f f e r e n t  t ime than  r e p l i c a t i o n s  3  and 4 s o  t h e r e  a r e  two p r e d i c t e d  re -  

l a t i o n s h i p s  f o r  each p l o t .  P r e d i c t e d  cumulat ive  d ra inage  volumes were hig'.er 

than measured a f t e r  day 130 f o r  a l l  r e p l i c a t i o n s  (F igure  10-38). Th i s  rias 

p r i m a r i l y  due t o  p r e d i c t e d  d ra inage  volumes t h a t  were too h i g h  f o r  d a r s  i29 

L/ 
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and 130. However subsur face  d ra inage  was a l s o  overpred ic ted  f o r  l a t e r  events  

dur inp  t h e  y e a r ,  a l though by a s m a l l e r  amount. Examination of Figure  10-39 

i n d i c a t e s  t h a t ,  except  f o r  r e p l i c a t i o n  3, s u r f a c e  d ra inage  p r e d i c t i o n s  were 

a l s o  t o o  h igh .  There fo re ,  t h e  problem does n o t  appear  t o  b e  one of i n c o r r e c t -  

l y  p a r t i t i o n i n g  t h e  s u r f a c e  and s u b s u r f a c e  d ra inage  components. The dev ia t ions  

could have been caused by low e s t i m a t e s  f o r  ET p r i o r  co day 129 b u t  t h e r e  i s  

no way t o  determine i f  t h i s  was a c t u a l l y  t h e  case .  

S m r y  And Conclusions 

The w a t e r  management model DIMIhXOD was eva lua ted  f o r  North C e n t r a l  Ohio 

c o n d i t i o n s  by comparing p r e d i c t e d  and measured d ra inage  volumes f o r  e i g h t  

y e a r s  of record.  Comparisons were made on f o u r  r e p l i c a t i o n s  of subsur face  

d ra inage  a l o n e ,  s u r f a c e  d ra inage  a lone  and combination p l o t s  having both  

s u r f a c e  and s u b s u r f a c e  d ra inage .  I n p u t s  t o  t h e  model were measured c l i n a t o l o -  

g i c a l ,  c rop,  and s o i l  p roper ty  d a t a  and d ra inage  system parameters  f o r  each 

t r ea tment .  Comparisons were made f o r  t h e  months of A p r i l  through Se?cezber; 

corn  was grown on the  exper imenta l  p l o t s  f o r  a l l  y e a r s  c o n s i l e r e d .  

P r e d i c t e d  s u r f a c e  runof f  and subsur face  d ra inage  volumes were i n  good 

agreement w i t h  measured v a l u e s  f o r  a l l  t h r e e  d ra inage  t r e a t m e n t s .  Compari- 

sons  of measured and p r e d i c t e d  r e l a t i o n s h i p s  showed t h a t  t h e  t i n e s  of occur-  

re-ce of s u r f a c e  runoff  and subsur face  d ra inage  e v e n t s  were p r e 6 i c t e d  aczurars-  

l y  i n  almost  a l l  c a s e s .  IJhi le  t h e r e  were some d e v i a t i o n s  i n  t h e  magnitude cf  

p r e d i c t e d  and measured volumes f o r  i n d i v i d u a l  d ra inage  e v e n t s ,  they  were 

u s u a l l y  smal l  and,  i n  most c a s e s ,  were about  t h e  same magnitude a s  the  

d i f f e r e n c e s  between r e p l i c a t i o n s .  



FLORIDA 

Water t a b l e  and d r a i n  outf low d a t a  were ob ta ined  from t h e  S W P  p r o j e c t  

(a coopera t ive  p r o j e c t  between t h e  USDA-ARS and t h e  F l o r i d a  A g r i c u l t u r a l  

Experiment S t a t i o n ,  G a i n e s v i l l e ,  E la . )  a t  F o r t  P i e r c e ,  F l o r i d a .  The da ta  

were ob ta ined  through t h e  coopera t ion  of D r .  3 .  S.  'ogers, S E A - a ,  a t ' t h e  

G n i v e r s i t y  of F l o r i d a .  The f i e l d  experiments were s e t  up i n  1968 t o  s tudy 

problems of d ra inage ,  w a t e r  c o n t r o l  and c i t r u s  t r e e  growth on sandy f1atr:oods 

s o i l s .  Both water  t a b l e  and d r a i n  ou t f low d a t a  f o r  two f i e l d  p l o t s  were 

ob ta ined  and analyzed and t h e  r e s u l t s  a r e  p resen ted  i n  t h i s  s e c t i o n .  

Experiments 

Experimental  Sire 

D e t a i l s  of t h e  exper imenta l  l a y o u t  which i s  l o c a t e d  on a  20-hectare 

exper imenta l  watershed were given by K n i ~ l i n g  and Earnon2 (1971). The s o i l s  

a r e  Wabasso and Oldsmar sands  ( A l f i c  Arenic  Haplaquods) which c o n s i s t  of a  

75 t o  90 cm deep A hor izon  of a c i d  sand u n d e r l a i n  by a  10 t o  20 cn t h i c k n e s s  

of an o r g a n i c  hor izon c a l l e d  s p o d i c  l a y e r ,  which i n  t u r n  is u n d e r l a i n  by 

sandy c l a y  loam. Subsurface d r a i n s  c o n s i s t i n g  of 4-inch (10 cn)  co r rcga ted  

p l a s t i c  tub ing  were i n s t a l l e d  60 f e e t  (18.3 cm) a p a r t .  Two d r a i n  depths  were 

used and one s e t  of 1976 d a t a  were ob ta ined  f o r  each depth.  I n  one case  t i e  

depth  was 107 cm (3.5 f t )  t o  t h e  bottom of t h e  d r a i n  and t h e  o u t l e t  was open, 

i . e .  above t h e  w a t e r  l e v e l  i n  t h e  o u t l e t  d i t c h .  The o t h e r  d r a i n  depth was 

122 cm (4 f t )  b u t  t h e  o u t l e t  end was turned up (elbowed) s o  t h a t  t h e  l i n e  1cas 

submerged dur ing  d ra inage  w i t h  a n  o u t l e t  wa te r  depth  of 3.5 f t  (107) cn. 

Water t a b l e s  were measured midway between t h e  d r a i n s  and d a i l y  maximum and 

minimum wate r  l e v e l s  recorded.  These va lues  Irere compared t o  p red ic ted  da? 



end water table depths. Citrus, with an assumed effective rooting depth of 

25 cm, was grown continuously on both plots analyzed. Although the ex?erher.rs 

included three profile modification treatments, the data analyzed here were 

taken for conventional surface tillage only. 

Soil Properties - 
The physical and mineralogical characteristics of the soils were descrfie? 

by Hamond, et al. (1971). Factors affecting the rate of subsurface drainaga 

were discussed by Stewart and Alberts (1971) and by Alberts, et al. (19;:). 

Drainage characteristics of the soils were simulated on a resistance netvor:; 

by Rogers, et al. (1971) and the water table behavior further studie? 5~ 

Rogers and Stewart (1972 and 1976). Input soil property values were  obtain^? 

fror, the above references. The soil water characteristics given 3y Bamcni 

et al. (1971) were used to calculate the'drainage volume-water table depth 

relationship given in Figure 10-40. Saturated hydraulic conductivity was 

obtained from cores for each profile layer and were reported by tiannocd et a:. 

(1971). The effective hydraulic conductivity was also calculated fror the 

Grain outflow data of Stewart and Alberts (1971) (their Figure I). The con- 

ductlvity values obtained from these sources and used in testing DKAI?3:C3 rri 

given in Table 10-13. The equivalent depth from the drain to the izlper~.er5;e 

Table 10-13. Effective saturated hydraulic conductivity as a funcrion cf 
profile depth. 

Depth from Surface K 
O - 12 cm 12.7 cm/hr 
12 - 36 25.4 
36 - 84 16.0 
84 - 106 0.025 

106 - 132 5.08 
132 - 204 1.27 
belox 204 0.3 (impermeable! 
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l a y e r  was c a l c u l a t e d  t o  be 63 cm f o r  a  d r a i n  depth  of 107 cm and 57 cm f c r  

t h e  122 cm depth.  Hojiever t h e  methods f o r  determining e q u i v a l e n t  depth (Eqs. 

2-13 and 2-15) assume a  uniform s o i l .  T'ne d  v a l u e  was a d j u s t e d  t o  account 
e  

f o r  l a y e r i n g  a s  fo l lows .  The product  of c o n d u c t i v i t y  and depth  i n  the  bo t t33  

zone ( f o r  a  d r a i n  depth  of 107 CD) should  be reduced by d  /d = 63/97 t o  cor- 
e 

pensa te  f o r  convergence n e a r  t h e  d r a i n .  Therefore  i f  we assume t h e  regior. 

below t h e  d r a i n  is uniform w i t h  K = 5.08 cmlhr an  e q u i v a l e n t  depth cf 
de 

should be use? such t h a t ,  

' 63 
5.08 d  = - (5.35 x 25 + 1.27 x 7 2 ) .  

e  97 

Thsn 2  = 2 :  cn. I n  l i k e  nanner ,  de = 22  cn f o r  t h e  123 c? d r a i n  Ze?:?.. T:.e;e e 

va lues  were used a s  t h e  depth  from t h e  d r a i n  t o  t h e  imperneable l a y e r  wi t?  a  

u n i i o n  k = 5.Oe c n i n r .  

- -he  uywart f l u x - r z a t ~ r  t a b l e  de?th r e l a t i o n s h i ?  was c a l c u l a t e ?  us ing : ? e  

numerical  methods given i n  Chapter 5 and t h e  u n s a t u r a t e d  h y d r a u l i c  conducti-  

v i t y  v a l u e s  g iven by Hamond e t  a l .  (1971). Tile r e l a t i o n s h i p  i s  s l o t t e c  1:. 

Figure  19-41. 

D a i l : ~  maxizua and minimuc: temperatures  were o b t a i n e l  f r o 3  t h e  :la:iXtl 

Oceanic and Atiiiospherlc A6min i s t ra t ion  (;:@>A) f o r  F o r t  P i e r c e .  These d a t a  -ere 

used t o  c a l c u l a t e  p o t e n t i a l  LT us ing  t h e  Thomthwai te  method. Dai ly  eva;crz- 

t i o n  pan d a t a  were a l s o  ob ta ined  from FOM and used i n  D?.Z!7!03 f c r  cor:ariS.-- 

purposes 

R e s u l t s  

The observed d a i l y  maximum w a t e r  t a b l e  e l e v a t i o n s  a r e  compared t o  predi:ze: 

day end v a l u e s  i n  F igure  10-42 f o r  p l o t  12. The d r a i n  depth  is  122 cu (a f:'. 

The o u t l e t  was r a i s e d  s o  t h a t  t h e  e f f e c t i v e  o u t l e t  depth  i s  107 cm. In ;e=r=:, 

t h e  agreement between p r e d i c t e d  and measured wa te r  t a b l e  e l e v a t i o n s  i s  goo? 
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with  a  s t a n d a r d  e r r o r  ( E q .  10-1) of  on ly  10.2 cm. P r e d i c t e d  va lues  a r e  h i g h  

dur ing t h e  e a r l y  p a r t  of t h e  t e s t  pe r iod  (days 3  t o  90) and somewhat lo,,: 

du r ing  t h e  n i d s m e r  months. A c l o s e r  examinat ion of t h e  s i m u l a t i o n  r e s , d t s  

showed t h a t  p r e d i c t e d  w a t e r  t a b l e  e l e v a t i o n s  would have been even lower during 

t h e  summer had t h e  ET n o t  been l i m i t e d  by upward w a t e r  movement (Figure  10-LT). 

These d i s c r e p a n c i e s  a r e  a p p a r e n t l y  due t o  h i g h  e s t i m a t e s  of p o t e n t i a l  K 6::-n; 

t h e  summer months and low e s t i m a t e s  dur ing  t h e  w i n t e r  and e a r l y  s p r i n g .  

aecause PET p r e d i c t i o n s  by t h e  Thornthwaite method depend m l y  on tempera:ure 

and d a y l i g h t  h o u r s ,  r a t h e r  h igh v a l u e s  a r e  ob ta ined  f o r  t h e  h o t  s u m e r  days i n  

F l o r i d a .  However t h e  h m i d i t y  i s  a l s o  very  h igh  and t ends  t o  l i n i :  t h e  OET. 

P r e d i c t e d  w a t e r  t a b l e  e l e v a t i o n s  us ing d a i l y  evapora t ion  pan read ings  

( c o r r e c t e d  by pan c o e f f i c i e n t  of 0 . 7 )  a r e  p l o t t e d  i n  F i g u r e  13-43. Z i g h i r  ?ET 

v a l u e s  dur ing  t h e  s p r i n g  and lower v a l u e s  d u r i n ~  t h e  s u w e r  ircprcved agreerenc 

between p r e d i c t e d  and observed w a t e r  t a b l e  e l e v a t i o n s  r e s u l t i n ;  i n  a  s t a n d z r i  

e r r o r  of  9 . L  cm. S t i l l  t h e  agreemeat s h o m  i n  F i g u r e  1Q-42 i s  judged accez- 

t a b l e  f o r  f i e l d  c o n d i t i o n s .  

P r e d i c t e d  and observed s u b s u r f a c e  d ra inage  volume f o r  p l o t  12 a r s  p l o t t s d  

i n  F i g u r e  10-44. P r e d i c t i o n s  o b t a i n e d  by us ing  PET from both  t h e  T h o r x t h w i c e  

method and from d a i l y  pan e v a p o r a t i o n  read ings  a r e  g iven .  In  t h i s  case  t i t  

e f f e c t s  of low Thornthwaite PET va lues  i n  t h e  s p r i n g  and high va lues  i~ the  

surmer a r e  c l e a r .  High PET v a l u e s  d u r i n g  t h e  summer months caused p r e d i c t i 6  

d ra inage  volumes t o  be much lower t h a n  observed whi le  t h e  o p p o s i t e  e f f e c r s  

occurred i n  t h e  winter ,a l t 'nough t o  a  l e s s e r  degree .  P r e d i c t i c n s  us ing t h e  ?a- 

ET v a l u e s  were i n  b e t t e r  agreement w i t h  observed d r a i n a g e  volumes, althou51. 

they were s t i l l  somewhat low. 
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P r e d i c t e d  and observed wa te r  t a b l e  depths  f o r  p l o t  15 a r e  p l o t t e d  i n  Figure 10-45 

f o r  ET c a l c u l a t e d  by t h e  Thornthwaite method and i n  F igxre  1 0 4 6  wi th  ET obtained 

from d a i l y  pan evapora t ion  measurements. Standard e r r o r s  were 13.9 cn  an? 

13.0 cm f o r  t h e  r e l a t i o n s h i p s  p l o t t e d  i n  F i g u r e s  10-45 and 13-46 r e s p e c t i v e l y .  

Again t h e r e  is  evidence i n  F i g u r e  10-45 of  h igh  ET p r e d i c t i o n s  (and cor res -  

pondingly low wate r  t a 3 l e  e l e v a t i o n s )  dur ing  t h e  s u m e r  months. Th i s  s i t u a -  

t i o n  i s  improved when pan evapora t ion  i s  used t o  e s t i m a t e  PET (Figure  10-46) 

b u t  h igh ET r a t e s  d u r i n g  days  30 t o  9 3  cause  t h e  p r e d i c t e d  w a t e r  t a b l e  eleva- 

t i o n s  t o  be low dur ing  t h a t  pe r iod .  These o b s e r v a t i o n s  a r e  c o n s i s t e n t  v i t i  

t h e  d ra inage  ou t f low p l o t s  g iven i n  F igure  19-67. Ca lcu la ted  v a l u e s  obta ined 

by us ing  both  Thornthwaite and pan PET v a l u e s  a r e  p l o t t e d .  A s  was t h e  case  

f o r  p l o t  12 (Figure  10-44), h i g h  ET p r e d i c t i o n s  5 y  t h e  Thornthwaite method 

L.., f o r  t h e  sumner months caused t h e  c a l c u l a t e d  d ra inage  outf low t o  be lorr. 

The r e s u l t s  p resen ted  f o r  :he F l o r i d a  s i t e  g e n e r a l l y  conf i rm t h e  v a l i d i t y  

of DU1:XOD f o r  t h e  c o n d i t i o n s  r e p r e s e n t e d .  Eowever t h e s e  r e s u l t s  a l s o  pcinc 

ou t  p o t e n t i a l  problems w i t h  u s i n g  t h e  Thornthmaite netnod t o  p r e d i c t  ?ST z t  a11 

l o c a t i o n s .  Th i s  method worked w e l l  f o r  X.C. and Ohio c o n d i t i o n s  bu t  may nee? 

m o d i f i c a t i o n  f o r  o t h e r  l o c a t i o n s .  One m o d i f i c a t i o n  t h a t  could be used i s  t o  

c a l c u l a t e  monthly PET v a l u e s  wi th  t h e  Thornthwaite method and w i t h  one of tke 

more s o p h i s t i c a t e d  n o d e l s  such a s  t h e  Peninan ne thod .  Then c o r r e c t i o n  f a c t o r s  

could be ob ta ined  f o r  t h e  Thornthwaite method by t a k i n g  a  r a t i o  of t h e  zor.zhi!: 

va lues .  D e f i n i t i o n  of  t h e  c o r r e c t i o n  f a c t o r s  would only  be r e q u i r e d  a t  one 

l o c a t i o n  w i t h i n  a  r a t h e r  wide geographic  r e g i o n  s o  t h e  necessa ry  d a t a  could 

p o s s i b l y  be obta ined.  Th i s  would s t i l l  a l low c o n s i d e r a t i o n  of t h e  day-t3-la:: 

v a r i a t i o n  i n  ET due t o  temperature  changes a s  p r e d i c t e d  by t h e  Tnorn th~a i : ?  
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L 
method. Of course  an  a l t e r n a t i v e  method f o r  p r e d i c t i n g  PET can be e a s i l y  

s u b s t i t u t e d  i n t o  DUI:G:OD i f  necessa ry  i n p u t  d a t a  a r e  a v a i l a b l e  f o r  t h e  

d e s i r e d  l o c a t i o n .  

CALIFORNU 

Data were ob ta ined  from r e s u l t s  of a  USDA-ARS s tudy  on d ra inage  from an 

i r r i g a t e d  f i e l d  i n  t h e  Imper ia l  Va l l ey  of C a l i f o r n i a .  The d a t a  were obta ined 

through t h e  coopera t ion  of N r .  Lee Eermsmeier, SEA-&at Brawley, C a l i f o r n i a .  

Experiments 

Experiments were conducted on a  subsur face  d ra ined  f i e l d  on t h e  Galleano 

ranch dur ing  1968, 1969 and 1970. Bar ley  was grown i n  1968. Sugar b e e t s  were 

p lan ted  i n  t h e  f a l l ,  1969 and ha rves ted  i n  s u m e r ,  1970. The s o i l  i s  a  sandy 

c l a y  w i t h  p a r a l l e l  d r a i n s  p laced 152 cm ( 5  f t )  deep and 6 1  m (200 f t )  a p a r t .  

The s o i l  i s  t i g h t  and t h e  recowended d r a i n  spac ing  would normally b e  much 

c l o s e r  than 61 m. I r r i g a t i o n  w a t e r  was a p p l i e d  by t h e  furrow method and t h e  

amount a p p l i e d  a t  each i r r i g a t i o n  was measured and recorded.  Observat ion iSells 

were p laced a t  s e v e r a l  l o c a t i o n s  between t h e  t i l e  l i n e s  s o  t h a t  t h e  p o s i t i o n  an6 

shape of t h e  wa te r  t a b l e  could be measured. Wells were i n s t a l l e d  between t h r e e  

s e p a r a t e  s e t s  of t i l e  l i n e s  a t  3 l o c a t i o n s  a long t h e  l i n e s .  ::easurements wr.- 

made p e r i o d i c a l l y  ( d a i l y  i n  s e v e r a l  c a s e s )  t o  d e t e r n i n e  t h e  change i n  water  t25:e --'-'- 

time a f t e r  i r r i g a t i o n .  Drain  outf low r a t e s  were recorded cont inuously  fro- bot?. 

4-inch c l a y  t i l e  and 3-inch p l a s t i c  tub ing .  

The e f f e c t i v e  h y d r a u l i c  c o n d u c t i v i t y  was c a l c u l a t e d  from d a i l y  d r a l n  f lo l .  

and wa te r  t a b l e  e l e v a t i o n  measurements. The K v a l u e  ob ta ined  was X = 0 . 1  c d h r .  

The upward f l u x  was eva lua ted  us ing  t h e  c r i t i c a l  depth  concept v i t h  CRI93  = 123 

cm. A d r a i n a b l e  p o r o s i t y  of 1 0  p e r c e n t  was assumed and t h e  d ra inage  v o l m e -  



wate r  t a b l e  depth  r e l a t i o n s h i p  d e t e r n i n e d  a s  d i scussed  i n  Chapter 5. Daily 

i r r i g a t i o n  volunes were i n p u t  t o  t h e  model a s  r a i n f a l l  d i s t r i b u t e d  over a  

four-hour pe r iod .  Da i ly  p o t e n t i a l  e v a p o r a t i o n  was c a l c u l a t e d  by H e r m c e l e r  

(pe r sona l  conmunication) by t h e  Jensen-Baise f o r n u l a ,  t h e  Penman method ace 

ano the r  modified formula.  Dai ly  e v a p o r a t i o n  pan d a t a  were a v a i l a b l e  and 

c o r r e c t e d  v a l u e s  (pan c o e f f i c i e n t  of 0.7) were a l s o  used as i n p u t s  t o  DRhIX!C3.  

R e s u l t s  

P r e d i c t e d  and observed w a t e r  t a b l e  e l e v a t i o n s  f o r  a  p o i n t  cidway berween 

d r a i n  l i n e s  a r e  p l o t t e d  i n  F i g u r e  10-48 f o r  1968. Agreement betveer. o b s r r u t ?  

a?: p r e d i c t e d  v a t e r  t a b l e  e l e v a t i o n s  was good f o r  1968. P r e l i c r e d  v a t e r  52512s 

fre-,uen:ly r i s e  r e  t h e  s u r f a c e  a f t e r  i r r i g a t i o n  and,  i n  aany c a s e s ,  s u r f a c e  -..-- A 

o f f  i s  2 red i ; t ed .  Runoff i s  p r e d i c t e d  because t h e  t o t a l  c a l c u l a t e ?  d r a i n e ?  

vo1u.e ( a i r  volume: a t  t h e  t ime of i r r i g a t i o n  i s  l e s s  than  t h e  i r r i g a t i o n  -carer 

t 5 a t  v a s  a ? p l i e d .  The d ra inage  volune p r e d i c t e d  i s  c l o s e  t o  t h a t  neasure?  s: 
3 

the  d iscre?ancy cannot be a-coucted f o r  by e r r o r s  i n  t h e  s o i l  p r o p e r t i i s  r r  

. . I r a i n a z e  s::st=:: 7arane:ers.  P r e d i c t e d  runof f  f a r  1958 was relitive:: s:;-- arr: 

- .  . . 
:-ul? na..-e been t h e  e s  i n  e r r o r s  i n  t h e  f i e 1 2  measurement or  t 2 e  i?:~~a:::: 

: a i lwa te r .  T'nat i s ,  t h e  anour,: of runof f  p r e d i c t e d  could have a c t ~ a l l - ;  If: 

t.?e f i e i ?  d u r i n g  t!ie furror: i r r i ~ a r i o n  p r o c e s s .  Another exp lana t i s r ,  i s  s l i r  

v a t e r  was l o s t  from t:-.e f i e l d  by deep o r  l a t e r a l  see?aae  thac  :<as not  ac::,:~.re; 

f o r .  In  surnar:;, f o r  t h e  1969 da:a. t h e  model d i d  a  good job is ?re?: : t i r?  :::i 

water  t a 5 l e  p o s i t i o n  x i t h  time under f u r r o x  i r r i g a t i o n  c o n d i t i o n s  

m i l e  p r e d i c t e ?  wa te r  t a b l e  e l e v a t i o n s  ::ere i n  c los -  aqree?ent  ( ; i t3 ;13s?r-ii 

f o r  105.9, t n e  r e s u l t s  v e r e  Door f o r  1970 ( f i g u r e  1 0 4 9 ) .  The p r e d i c t e i  -:are: 

t a h l r  soa-:n r o s e  t o  t h e  s u r C a c e  fr=.nuentl:' : c i t 5 s u r f a c ~  runoff  o r e f i c t e ?  cn =a::: 

occas ions .  HoSdever t 5 c  ohserved w a t e r  t a b l e  tended t o  recede throuehcut  :i:i 
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i r r i g a t i o n  p e r i o d  wi th  l i m i t e d  r i s e s  of only  s h o r t  d u r a t i o n .  The d a t a  s e t  

was n o t  a s  complete -- fewer measurements a t  fewer l o c a t i o n s  -- i n  1970 a s  

i n  1968 and t h e  t r e n d s  observed i n d i c a t e  t h a t  d i f f e r e n c e s  i n  t h e  measurenent 

procedures  may have occur red .  Apparently a  s i g n i f i c a n t  amount o f  water  i s  

l o s t  from t h e  system by deep o r  l a t e r a l  seepage.  Water ba lance  c a l c u l a t i o n s  

between i r r i g a t i o n  pe r iods  i n  1970 show wate r  l o s s  r a t e s  a s  h igh a s  0.94 cmlday 

(0.37 i n l d a y )  t h a t  cannot be accounted f o r  by ET o r  d ra inage  through t h e  t i l e  

l i n e s .  

The r e s u l t s  p resen ted  i n  F i g u r e s  10-45 and 10-49 i n d i c a t e  t h a t  t h e  model 

shows promise f o r  a p p l i c a t i o n  t o  i r r i g a t e d  l a n d s ,  bu t  t h a t  more work i s  needed 

t o  t e s t  t h e  model f o r  t h e s e  c o n d i t i o n s .  This  work i s  now be ing  done under a  

BARE r e s e a r c h  p r o j e c t  t h a t  i s  d i scussed  i n  t h e  nex t  s e c t i o n .  Data a r e  being 

c o l l e c t e d  and processed from s e v e r a l  f i e l d  d ra inage  exper iments  i n  C a l i f o r n i a  

t h a t  were conducted i n  t h e  1960 's .  P lans  a r e  t o  use  t h e s e  d a t a  t o  t e s t  t h e  

model f o r  s e v e r a l  s o i l s  and c o n d i t i o n s .  

OTXER TIEL3  DATA 

There a r e  s e v e r a l  o t h e r  p o t e n t i a l  o p p o r t u n i t i e s  f o r  t e s t i n g  t h e  nodel  

which a r e  be ing  pursued i n  t h e  r e s e a r c h  programs a t  North C a r o l i n a  S t a t e  

U n i v e r s i t y .  Data on d ra ined  p l o t s  f o r  sugar  cane p roduc t ion  a t  Baton Rouge, 

Louis iana  have been ob ta ined  by Mr. Cade C a r t e r  - SEA-AR a t  Baton h u g e .  TW 

o r  t h r e e  y e a r s  of d a t a  on a t  l e a s t  two s i t e s  a r e  a v a i l a b l e  from t h i s  source .  

Data have been ob ta ined  f o r  one s i t e  and t h e  model i s  be ing  t e s t e d  f o r  tliose 

c o n d i t i o n s .  



D r .  Gideon S i n a i ,  a  r e s e a r c h e r  a t  t h e  Technion i n  I s r a e l ,  i s  i n t e r e s t e d  

i n  t e s t i n g  t h e  model f o r  use  i n  t h a t  coun t ry .  He i s  now s e t t i n g  up f i e l d  ex- 

per iments  t o  check t h e  model v a l i d i t y .  This  work i s  be ing  conducted under a 

BAR3 ( B i n a t i o n a l  A g r i c u l t u r a l  Researcn and Development) c o o p e r a t i v e  resea rch  

p r o j e c t  between S o r t h  C a r o l i n a  S t a t e  U n i v e r s i t y  and The Technion. 

The S U - a  u n i t  a t  Orono, Maine h a s  j u s t  r e c e n t l y  c o q l e t e d  ins ta1 la : i cn  

of a  r a t h e r  l a r g e  f i e l d  d ra inage  exper iment .  ?lr. Joe  B o r n s t e i n ,  a  US3A re-  

s e a r c h e r  a: t h a t  i o c a t i o n ,  h a s  i n d i c a t e d  an i n t e r e s t  i n  t e s t i n g  t h e  noce l  Z z r  

Xaine c o n d i t i o n s .  ?Ir. Borns te in  and h i s  coworkers a r e  now making t h e  n e c e s s a r :  

n?asure-ir.:s f o r  checking t h e  model a t  t h a t  l o c a t i o n .  
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